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RÉSUMÉ 
Le développement de nouvelles méthodologies de synthèse pour la formation de liens 
C-C, C-N et C-0 est essentiel pour la préparation de molécules d'intérêt 
thérapeutique. Les organobismuthanes ont trouvé leur place dans le domaine de la 
chimie organique dû à leur réactivité unique, leur stabilité, leur faible coût ainsi qu'à 
leur tolérance aux groupements fonctionnels sensibles. Les organobismuthanes 
présentent une réactivité semblable à celle des organomercures, tout en étant non 
toxiques, permettant ainsi le développement de méthodologies plus respectueuses de 
l'environnement. La conception de complexes organométalliques de bismuth et leurs 
modifications ont été réalisées afin de les appliquer en réaction de couplage pour la 
formation de nouveaux liens. Premièrement, dans la formation de liens C- C, les 
complexes trialkylbismuthanes ont été couplés, par catalyse au palladium, à des 2-
haloazines et diazines fonctionnalisées. À ce jour, cette méthode de couplage de 
trialkylbismuthanes sur des pyridines, pyrimidines, pyridazines et pyrazines est une 
des méthodes développées la plus complète. Par la suite, une méthode de couplage au 
palladium impliquant des triarylbismuthanes a été appliquée sur ce même type de 
substrats afin d'appotier une alternative aux méthodes déjà connues dans la littérature. 
Dans la formation de liens C-N, une amélioration de la réaction de N-arylation 
d'indoles, publiée par les professeurs Derek H.R. Barton et Jean-Pierre Finet en 1988, 
a été rapportée grâce au bismuth trivalent. A l'issu de cet article, une méthode de 0-
arylation de 1 ,2-aminoalcools N-protégés a été développée. Dans la continuité de la 
formation de liens C-0, de nombreuses solutions ont été rapportées dans la littérature 
pour la synthèse de diaryles éthers, notamment la réaction d'UIImann , d'Evans, Chan 
et Lam ou encore de Buchwald. Cependant, ces méthodes comportent des limitations · 
comme de hautes températures de chauffage, l'utilisation d'un excès de réactif 
organométallique/catalyseur ou encore l'utilisation de ligands complexes. De ce fait, 
une nouvelle méthode de synthèse de diaryles éthers a été développée avec 
l'utilisation de triarylbismuthanes fonctionnalisés. Finalement, la complexité des 
groupements fonctionnels sur l'organobismuthane a été poussée à son paroxysme et 
leurs réactivités ont été étudiées dans un dernier projet. 
Mots-clés : Méthodologie, molécules d ' intérêt, organobismuthanes, réactions de 
couplage, groupements fonctionnels 
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ABSTRACT 
The development of new synthetic methodologies for C-C, C-N and C-0 bond 
formation is essential for the preparation of therapeutic molecules. The 
organobismuthanes have found their place in the field of organic chemistry due to 
their unique reactivity, stability, low cost and their tolerance to sensitive functional 
groups. The organobismuthanes have a reactivity similar to organomercuric reagents 
while being non-toxic, allowing the development of environmentally friendly 
methodologies. The organometallic complexes of bismuth have been applied in cross-
coup ling reactions for the formation of new bonds. First, trialkylbismuthanes reagents 
were coupled under palladium catalysis, onto functionalized 2-haloazines and 
diazines, leading to C-C bond formation. For the moment, this cross-coupling 
reaction on pyridines, pyrimidines, pyrazines and pyridazines is one of the most 
comprehensive developed methods. Then, a palladium-catalyzed cross-coupling 
reaction involving triarylbismuthanes was applied on the same type of substrates in 
order to provide an alternative to existing methods found in literature. In the field of 
C-N bond formation , an improvement of the N-arylation reaction of indoles, 
published by Barton and Finet in 1988, was brought through the trivalent bismuth. 
Thanks to this atticle, a method of 0-arylation of N-protected 1 ,2-aminoalcohols was 
discovered. Regarding C-0 bond formation, many procedures have been reported in 
the literature for the synthesis of diaryl ethers, such as Ullman, Evans, Chan and Lam 
or Buchwald reactions. However, these methods have limitations such as the 
requirement of high temperatures, excess of organometallic reagent/catalyst or use of 
complex ligands. Therefore, a new method of synthesis of diaryl ethers has been 
developed with functionalized triarylbismuthanes. Finally, the complexity of the 
functional groups on the organobismuthane was pushed to its limit and complexes 
reactivities were studied in a last project. 
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INTRODUCTION 
O. 1. Le bismuth 
O. 1. 1. Généralités 
Souvent confondu avec l'étain ou le plomb, le bismuth appartient à la famille des 
pnictogènes et constitue le 83ème élément du tableau périodique. la En le séparant du 
plomb, c'est Claude Geffroy le Jeune qui découvrit le bismuth au 18ème siècle. Son 
utilisation est toutefois plus ancienne, puisque des études ont montré que les Incas 
s'en servaient déjà afin de fabriquer leurs couteaux. la, 1 b 
De par son haut poids moléculaire, il est un des éléments chimiques les plus lourds du 
tableau périodique. De plus, il s'agit d'un métal très stable car à l'état métallique, il ne 
réagit ni avec l'air ni avec l'eau. La non-toxicité de certains réactifs de bismuth en fait 
un élément avec un statut que l'on considère comme "vert" . En effet, il est employé 
dans de nombreux produits comme par exemple le Peptobismol , qui est un 
médicament contre les douleurs abdominales. Reconnus depuis de très nombreuses 
années pour leur non-toxicité, les composés de bismuth possèdent donc un avantage 
de taille pour leur usage en chimie médicinale ou encore en cosmétique. 
La configuration électronique du bismuth correspond à [Xe] (4f)14(5d)10(6s)2(6p)3. 
Fait remarquable, les électrons célibataires sur sa couche de valence lui confèrent la 
propriété d ' être le métal le plus diamagnétique de la classification périodique. 
D 'après la théorie YSEPR, BiR3 contient un doublet non liant (AX3El) justifiant la 
géométrie tétraédrique (rn+ n = 4) et l' angle inférieur à 109.5°. Un don ou un retrait 
d ' électrons justifie les deux degrés d' oxydations possibles du bismuth : +III et +V. Le 
Bi(III) est connu pour être plus stable que son homologue Bi(V) dû à l' inertie du 
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doublet non liant et sa symétrie sphérique. Ces deux états d 'oxydations confèrent au 
bismuth une réactivité toute particulière (Schéma 1). 
Oxydation 
État d'oxydation +Ill 
L L ,, 
R(Y~UR 
~~ R 2 
État d'oxydation +V 
Schéma 1 :États d'oxydation du bismuth 
Dans le cas de l'état d'oxydation +III, les groupements sur le bismuth possèdent un 
caractère nucléophile, donc les complexes trivalents réagiront avec des espèces de 
type électrophile. Par contre dans le cas de l'état d'oxydation +V, ils démontrent un 
caractère électrophile et réagiront plutôt avec des espèces de type nucléophile. Par 
conséquent, cet aspect unique du bismuth permet l'exploration d'un large éventail de 
réactions possibles avec les organobismuthanes. 
O. 2. Applications du bismuth en chimie organique 
Au cours du 20ème siècle, le bismuth connaît un intérêt croissant dû à une chimie 
riche? Depuis une quinzaine d'années, le bismuth a été employé dans de nombreux 
types de réactions, que cela soit en tant que réactif organométallique ou en tant que 
catalyseur. Ces deux utilisations possibles du bismuth correspondent à des chimies 
complètement différentes, ce que nous allons démontrer par la suite. Premièrement, 
nous discuterons de son implication dans la chimie organique en tant que catalyseur 
et par la suite, de son rôle en tant que réactif possédant une liaison R-Bi. 
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O. 2. 1. Utilisation du bismuth en tant qu'agent activateur 
Le bismuth a été grandement utilisé en tant que catalyseur dans de nombreuses et 
différentes méthodes durant ces dernières années. Nous citerons de manière non 
exhaustive l'étendue de son application dans ces réactions. La plupart des exemples 
cités ci-dessous sont issus d'une revue très complète écrite par Mohan dans Chem. 
Soc. Rev. en 2011. 13 
O. 2. 1. 1. Utilisation du bismuth dans des réactions d'oxydation 
Tout d'abord, le bismuth a été utilisé dans différents types d'oxydation. Nous allons 
en citer deux exemples. 
Une méthode d'oxydation de thiol 3 en disulfide 4, transformation importante du 
point de vue synthétique, avec du Bi(N03)3 · SH20 a été proposée par Khodaei en 
2003 (Schéma 2). 13' 3 
0 R- SH 
3 
Bi(N03 lJ"5H20 (30 mol%) 
CH3CN, reflux 
Schéma 2 : Oxydation de thiol3 en disulfide 4 avec Bi(N03)3- 5H20 
Le faible coût du catalyseur permet de compenser la quantité importante de celui-ci 
utilisée dans cette transformation. Également, que les thiols soient de type 
aromatiques ou aliphatiques, l'oxydation en disulfides se fait toujours avec 
d'excellents rendements. De plus, les auteurs ont démontré que des alcools primaires 
étaient tolérés dans ces conditions d'oxydation, ce qui est un réel avantage dans la 
synthèse de molécules fonctionnalisées. 
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Le nitrate de bismuth pentahydrate a été également utilisé en tant qu'oxydant dans 
une méthode d'oxydation d'aldéhyde en acide carboxylique au micro-ondes, 
développée par Mukhopadhyay et Datta (Schéma 3). la, 4 
OyH 
0 
5 
Bi(N03h5H20 (30 mol%) 
02, MW 1200W 
6 
Schéma 3 : Oxydation d'aldéhyde aromatiques 5 en acide carboxylique 6 impliquant 
Bi(N03)3 · SH20 
L'oxydation de cet aldéhyde aromatique en acide carboxylique correspondant 
nécessite que la réaction opère au micro-ondes et en présence d'oxygène. Ces 
conditions particulières permettent d'obtenir de très bons rendements ainsi que des 
temps de réactions plus cou11s comparativement à la méthode d'oxydation des 
aldéhydes en acides carboxyliques utilisant 30% H20 2 catalysé par l'anion Preyssler,5 
[NaPsW3oÜ1 Jo] 14-. 
O. 2. 1. 2. Utilisation du bismuth dans des réactions de réduction 
Le bismuth a également été utilisé dans de nombreuses réactions de réduction . En 
effet, en 2003, une méthode de réduction d'azoture en amines dans l'eau en utilisant 
du zinc métallique et AlCh ou BiCI 3 comme acide de Lewis suivant les composés à 
réduire a été développée par Li . Les conditions proposées dans cet article permettent 
d'effectuer cette transformation avec des temps de réaction très courts et des 
rendements optimaux. la, 6 Une année plus tard , une déshalogénation, plus 
respectueuse de l'environnement comparativement à d' autres réactions de ce type, de 
composés a-halocarbonyles 7, avec chlore et brome comme halogène, en milieu 
aqueux et en présence de bismuth a été rapportée par Lee et Chan (Schéma 4). la, 7 
~- -
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0 
Me~ x 
7 
Bi 1 NH4HF2 
H20, t.p. 
Schéma 4 : Déshalogénation de composés a-halocarbonylés 7 
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Dans cette réaction, le bismuth métallique est activé par le bifluorure d'ammonium, 
NH4HF2 . Les auteurs ont remarqué que de nombreux métaux, mis en présence de ce 
réactif en milieu aqueux, pouvaient devenir très réactifs et c'est pour cette raison 
qu'ils se sont intéressés au bismuth , qui lui est parfaitement"stable dans ces conditions 
de réaction. Le mécanisme d'action du bifluorure d'ammonium n'est pas connu dans le 
cas de l'utilisation avec le bismuth mais avec d'autres types de métaux, des transferts 
d'électrons libres ont été observés à la surface du métal afin de générer un radical 
anion en tant qu'intermédiaire de réaction. Un des avantages de cette réaction est 
qu'elle est chimiosélective. En effet, la présence d'un groupement N02 ou encore d'un 
carbonyle est tolérée. 
O. 2. 1. 3. Utilisation du bismuth dans des réactions de 
protection/déprotection de groupements fonctionnels 
De nombreuses méthodes ont été rapportées concernant la protection et la 
déprotection de groupements fonctionnels impliquant le bismuth et il serait difficile 
de toutes les citer. Par exemple, il est possible de protéger une amine, un alcool ou un 
phénol avec un Boe en présence de bismuth.8 Également, la déprotection d'un Boe sur 
un aminoacide ou un peptide peut se faire de manière sélective en utilisant du BiCb.9 
Le triflate de bismuth Bi(OTt)3 a aussi été utilisé en tant que catalyseur dans une 
réaction d'estérification d'acide carboxylique 9, dans un solvant de type polaire 
pratique (Schéma 5). la, 10 
6 
0 
FmocHN~OH 
9 
Bi(OTfh (10 mol%) 
7o•c, MeOH 
0 
FmocHN~ OMe 
10 
Schéma 5 : Estérification d'acide carboxylique 9 impliquant Bi(OTf)3 
L'utilisation ingénieuse du Bi(OTf)3 en tant que précurseur sécuritaire du réactif 
CF3S03H, qui est corrosif et difficile à manipuler, a permis de développer une 
méthode simple d'application pour la synthèse d'esters. Dans ces conditions de 
réaction, le groupement protecteur Fmoc sera toléré, contrairement au groupement 
Boe qui lui sera clivé. 
O. 2. 1. 4. Utilisation du bismuth dans la chimie des sucres 
L'utilisation du bismuth est également observée en chimie des sucres, et notamment 
lors de la fonctionnalisation de monosaccharides permettant ainsi la construction de 
centres stéréogéniques très utiles dans ce type de chimie et en synthèse totale. 
La glycosylation d'un glycoside diméthylphosphite 11 grâce au BiCb en tant qu'agent 
activateur, a permis d'obtenir une mélange d'anomères du cyclohexylglucoside 12 
(Schéma 6). 1a, 11 
OBn 
B73~~p 
OBn P, 
11 Me6 OMe 
c5 
BiCI3 (1.0 eq.) 
CH2CI2, t.p. 
·~~k Î'1 
OBn 0~ 
12 
Schéma 6 : Synthèse de cyclohexylglucoside 12 
O. 2. 1. 5. Utilisation du bismuth dans des réarrangements 
Le bismuth a été appliqué dans de nombreux réarrangements de type Ferrier, 12 
Pries, 13 Wagner-Meerwein, 14 Baylis-Hillman 15 ou encore dans l'aromatisation de 
7 
Hantzsch.16 Le triflate de bismuth a été appliqué de manière efficace à l'oxydation de 
Baeyer-Villiger par Adapa en 2003 (Schéma 7).1a, 17 
0 d'R1 + 
13 14 
m-CPBA (2.0 eq.) 
Bi(OTfh (5.0 mol%) 
CH2Cl2, t.p. 
15 16 
Schéma 7 : Oxydation de Baeyer-Villiger impliquant Bi(OTf)3 
L'utilisation du triflate de bismuth en tant que catalyseur comprend plusieurs intérêts 
majeurs, comme une récupération et une réutilisation du catalyseur sans altération de 
son efficacité ainsi que l'augmentation significative du temps de la réaction par 
rapport à la réaction de Baeyer-Villiger réalisée sans catalyseur. 
Également, avec ce même catalyseur de bismuth, une réaction inattendue a été mise à 
jour lors de la tentative de réarrangement de Beckmann avec l'oxime de la 6-
méthoxyindanone 17 (Schéma 8). l a, 18 Au lieu d'obtenir l'amide cyclique attendu, une 
cyclopentanone 18 ainsi que son homologue a-tosylé 19 sont les produits majoritaires 
de cette transformation . 
MeO~ 
N-oTs 
17 
Bi(OTflJ, Argile K-10 
xylène, 90"C 
18 
28% 
+ 
~~s 
MeO~ 
0 
19 
22% 
Schéma 8 : Réarrangement inattendu avec la 6-méthoxyindanone oxime 17 
De plus, le bismuth a été engagé, pour la formation de liens C-C, dans des réactions 
de Mannich, 19 des condensations d'aldols,20 des acylations de Friedei-Craft21 ou 
encore dans des réactions de Diels-Aider? 2 
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O. 2. 1. 6. Utilisation du bismuth dans des réactions de formation de liens C-C 
La création de liens C-C impliquant le bismuth a été une des voies les plus 
développées avec ce métal. Par exemple, une méthode d'éthérification 
intramoléculaire et sélective d'aldéhydes et cétones de dérivés d'éthers silylés 20, 
impliquant une quantité catalytique de BiBr3, pour la synthèse de tétrahydropyranes 
cis- et trans-2,6-di et tri-substitués a été rapportée par Evans (Schéma 9). 1a, 23 
20 
cat. BiBr3 
R-SiMe3 
Majoritaire 
21 
minoritaire 
22 
Schéma 9 : Synthèse de tétrahydropyranes cis- et trans-2,6-di et tri -substitués 21 et 
22 impliquant BiBr3 
Un des plus grands avantages de cette méthode est sa sélectivité. En effet, le composé 
tétrahydropyrane 21 formé à l'issu de la cyclisation est largement majoritaire, dû à la 
faible réactivité du carbonyle protoné qui , lors de l'addition du réactiftriorganosiloxy, 
permet de former l'ion oxocarbénium le plus réactif. 
Le bismuth a aussi été appliqué à la réaction de Reformatsky, permettant l'obtention 
de composés ~-hydroxycarbonyles de manière efficace. En effet, une réaction de 
Reformatsky, à partir de a-bromoacétophénone 23 et d'aldéhydes 24 en présence de 
Sm/BiCb, a été rapportée par Zhang et Zhang (Schéma 10). l a, 24 
Ûrrsr 
0 
23 24 
Sm (2.0 eq .) 1 BiCJ3 (1.0 eq.) 
THF/H20 
OyyoH 
0 R 
25 
Schéma 10: Réaction de Reformatsky de a-bromoacétophénone 23 impliquant 
Sm/BiCb 
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Le mécanisme de cette réaction n'a pu être élucidé de manière irréfutable. Cependant 
les auteurs supposent qu'une espèce acyle bismuth, générée par réaction entre a.-
bromoacétophénone 23 et le Bi(O), serait le réactif clé de cette transformation. 
O. 2. 1. 7. Utilisation du bismuth dans des réactions de formation de liens C-0 
De par son rô le d'acide de Lewis, BiC13 permet entre autre la création de liaisons 
C-0. Supporté sur silice, il a notamment été utilisé par Ahmed et Ansari pour 
l'isomérisation de la chalcone 2'-hydroxy substituée 26 en flavanone correspondante 
27 (Schéma 11).1a, 25 
OH o:fXOH 
-..::::: 
OH Silice/BiCI3 OH 
1 
OH 
~ 70-80°C ~ 
0 26 0 27 
Schéma 11 : Cyclisation de la chalcone 26 en falvanone 27 impliquant BiCb 
supporté sur silice 
Les flavanones sont généralement obtenues par isomérisation de l'hydroxy chalcone 
correspondante en conditions acides ou basiques. Cependant, la plupart de ces 
méthodes procèdent avec de faibles rendements dû à l'équi libre entre ces deux 
espèces. Or les auteurs de cet article ont réussi à trouver des conditions suffisamment 
efficaces pour déplacer cet équi libre fragile vers la formation de la flavanone. 
O. 2. 1. 8. Uti lisation du bismuth en synthèse asymétrique 
Les exemples utilisant le bismuth en synthèse asymétrique sont limités. En effet, nous 
n'avons pu trouver que quelques exemples de ce type dans la littérature. Une 
hydroxyméthylation asymétrique d'éno lates de si licium 28 catalysée par Bi(OTf)3 et 
une bipyridine chirale en solution aqueuse a été développée par Kobayashi en 2005 
(Schéma 12). 1a, 26 
------ - -- ----
10 
OSiMe3 ~Ph + aq. HCHO 
28 
Bi(OTf)J (1 .0 mol%) 
~+ 
(3.0 mol%) 
H20/DME = 1/9, o•c 
4h 
93%ee 
Schéma 12 : Hydroxyméthylation asymétrique d'un énolate de silicium 28 catalysée 
par Bi(OTf)3 et d'un ligand bipyridine chiral 
En général , les réactions avec des acides de Lewis chiraux en milieu aqueux sont 
extrêmement rares car ceux-ci se décomposent très rapidement en présence d'eau. Or, 
bien qu'il soit connu que Bi(OTf)3 s'hydrolyse dans l'eau, dans ce cas-ci , il est 
stabilisé par le ligand chiral bipyridine basique. Dans ces conditions opératoires, la 
transformation s 'opère avec d'excellents rendements, une très bonne sélectivité et il 
s'agit de l'une des premières réactions énantiomériquement contrôlées par un 
catalyseur chiral de bismuth en milieu aqueux.13• 27 
Comme nous l'avons démontré, le bismuth a été grandement utilisé ces qumze 
dernières années dans de très nombreux domaines de la chimie, notamment dans un 
rôle de catalyseur de réaction . À présent, nous allons discuter de sa place en tant que 
composé organométallique dans la chimie organique. Plusieurs exemples cités ci-
dessous sont issus d'une revue très complète écrite par Condon dans Organic 
Preparations and Procedures International en 20 14? 83 
O. 2. 2. Utilisation du bismuth en tant que réactif organométallique 
O. 2 . 2. 1. Formation de liens C-C catalysée au palladium avec Ar3Bi 
La formation de liaisons C-C par couplage croisé catalysé au palladium est l'une des 
transformations chimiques les plus importantes en chimie organique pour la 
1 --
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formation de molécules cibles. En effet, son étendue a été démontrée en 2010, lors de 
la remise du prix Nobel de chimie aux professeurs Ei-ichi Negishi , Richard Heck et 
Akira Suzuki, pour leur contribution exceptionnelle à la découverte des réactions du 
même nom. Ces méthodes sont parmi les réactions les plus· répandues et les plus 
efficaces pour la création de nouveaux liens C-C. Les réactions de type Heck, qui 
permettent la fonctionnalisation de doubles liaisons terminales, ont été décrites pour 
la première fois en 1973 ? 8a, 29 Une réaction semblable à la réaction de Heck a été 
appliqué aux organobismuthanes quelques années plus tard par Kawamura, qui a 
découvert la fonctionnalisation du oct-1-ène avec l'acrylate d' éthyle et le 
triphénylbismuth .28a, 30 Dans le domaine de la chimie du bismuth catalysée au 
palladium, la formation de molécules symétriques de . type biaryles, grâce aux 
triarylbismuthanes, a été rapportée pour la première fois en 1988 par Barton.28a, 31 Ce 
type de réaction s'effectue en présence d'un catalyseur au palladium ce qui permet, 
contrairement à la catalyse au cuivre, le transfert des trois groupements aryles portés 
par le bismuth ainsi qu'une économie d'atomes. Un exemple de ce type de méthode de 
couplage biarylique a été proposé par Uemura (Schéma 13).28a· 32 
1 1 
o'QÛo ~ 1 ~ 1 
Bi 
6 y 30 
/ 0 
Pd(OAch (1 mol%) 
MeOH, t.p., air (1 atm) 
6% 1 ,-;::. 
l "" 
,-;::. 0 
1 
31 
Schéma 13 : Synthèse du biaryle 31 à partir de p-méthoxybismuthane 30 et de 
Pd(OAc)2 
Les réactions de couplage de réactifs de bismuth trivalents peuvent également se faire 
avec des halogénures (X= Br ouI) ou des triflates d ' aryles. En 2001 , Rao et Shimada 
en ont d ' ailleurs démontré l' étendue ainsi que les limitations.28a, 33 Leurs conditions 
de réaction nécessitent l'utilisation catalytique du Pd(PPh3)4 et d'un léger excès de 
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ArX (3 .25 eq.) par rapport au Ar3Bi étant donné que les trois groupements aryles sur 
le bismuth transfèrent. Le couplage sur des hétéroaryles de type pyridine a également 
été rapporté (Schéma 14). 
Cl N X 
3.0 eq. 
32 
X= 1, OTf 
+ 
n~ ~6Bi~ 33 
Pd(PPh3)4 (5 mol%) 
K2C03 (3.0-4.0 eq.) 
NMP, 1oo·c 
34 
28% (X= 1) 
65% (X= OTf) 
Schéma 14 : Arylation d'une 2-halogénopyridine 32 catalysée au palladium 
impliquant Ph3Bi 33 
La tolérance de cette réaction aux groupements fonctionnels sensibles de type cétone 
ou aldéhyde a été démontrée par Wang. La spécificité de cette réaction est que le 
catalyseur de palladium est supporté sur du polystyrène, avantage non négligeable 
dans un contexte de chimie verte où le recyclage du catalyseur est un point essentiel 
(Schéma 15). 28a, 34 
36 
X= 1 ou Br 
~P(PhhPdCI2 
1 mol% 
KF (3.0 eq.) 
43-94% 
Schéma 15 : Arylation d'halogénures d'aryles 35 avec des organobismuthanes 
substitués 36 catalysée par du palladium supporté sur du styrène 
O. 2. 2. 2. Formation de liens C-N catalysée au cuivre avec Ar3Bi 
L'utilisation des Ar3Bi , en tant qu'agents d'arylation dans la formation de liaisons 
C-N et C-0 est connu depuis de nombreuses années, notamment avec les méthodes 
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de Barton28b et Chan35 que nous aborderons pour situer le contexte. Par la suite, nous 
passerons en revue les nouveaux développements, apportés à cette chimie depuis 
2001.28a 
Dès 1986, Barton a développé des réactions de N-arylation d' amines aliphatiques et 
aromatiques mettant en jeu un triarylbismuth diacétate, Ar3Bi(OAc)2, un réactif de 
bismuth pentavalent, en présence de cuivre métallique. Il a ensuite étendu cette 
méthode à l'utilisation de bismuth trivalent avec l'acétate de cuivre, permettant la 
formation du complexe pentavalent in-situ (Schéma 16)_2Ba, 28b Bien que dépendante 
de l' encombrement stérique et de la basicité de l'amine, cette réaction reste une 
méthode efficace pour la synthèse d' amines secondaires. 
+ 
Cu(OAch 0.5 eq. 
CH2CI2, t.p. 
38 39 40 
Schéma 16: N-Arylation d'amines aromatiques 38 catalysée par Cu(0Ac)2 
impliquant Ph3Bi 39 
Près de dix années plus tard, Chan a amélioré cette méthode par l'introduction d'une 
amine tertiaire comme la pyridine ou la triéthylamine en tant que catalyseur de 
réaction , permettant la N-alkylation d' une plus large gamme de composés, tels que 
des amides, imides, urées, carbamates et sulfonamides avec de très bons 
rendements.28a, 35 
Ce type de réaction a notamment été appliqué à la synthèse d'une molécule naturelle, 
un inhibiteur du cholestérol 42. Cette molécule a pu être préparée par N-arylation 
d'une 2-pyrazoline 41 (Schéma 17) catalysée par du Cu(0Ac)2 avec un 
triarylbismuthane en tant qu'agent alkylant.28a, 36 
--- -------------------
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FY'îJ ~F ~AJ ~ 
F 
Cu(OAc)2, Et3N 
CH2CI2, t.p. 
Schéma 17 : Synthèse d'un inhibiteur du cholestérol 42 par N-arylation d'une 
pyrazoline 41 impliquant un organobismuthane 
Comparativement aux N-arylations catalysées au palladium, celles impliquant du 
cuivre possèdent l' avantage de tolérer des groupements complexes tels que l' imide ci -
dessus. 
Dans des conditions de réactions très semblab les, l'arylation d'hydrazines tri-
protégées a été rapportée par Maeorg et Ragnarsson (Schéma 18) _2 8a, 37.39 
Boe · Boe 
'N- N' 
H 'soc 
43 
Cu(0Ac)2 (1.5 eq.), Et3N (1 .5eq.) 
CH2CI2, t.p . 
Schéma 18 : N-Arylation de l'hydrazine 43 catalysée au cuivre impliquant lep-
méthoxybismuthane 44 
Comme dans le cas de la réaction de Barton, cette transformation est très sensible à 
l'encombrement stérique, ici notamment du réactif organobismuthane. En effet, la 
réactivité de quelques ortho triarylbismuthanes a été testée avec ces hydrazines et il a 
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été observé que des conditions opératoires plus poussées sont nécessaires pour obtenir 
des résultats satisfaisants. 
O. 2. 2. 3. Formation de liens C-0 catalysée au cuivre avec Ar3Bi 
Les organobismuthanes trivalents ont été utilisés à quelques repnses dans des 
réactions de 0-arylation d'alcools et de phénols. Cependant, les réactions de 0-
arylation utilisant des organobismuthanes sont moins nombreuses dans la littérature 
que les réactions de N-arylation. À titre d'exemple, l'arylation d'alcools aliphatiques 
38 en présence d'acétate de cuivre a notamment été rapportée par Dononov en 1995 
(Schéma 19)_2Sa, 40 
ROH + 
46 
R= Me, Bu 
Cu(OAch (2.0 eq.) 
aooc 
R,o~ 
48 
Schéma 19 : 0-Arylation d'alcools aliphatiques 46 catalysée au cuivre impliquant le 
p-méthylbismuthane 47 
Dans cette transformation, le triarylbismuthane passe de l'état d'oxydation + 3 à l'état 
d'oxydation +5 grâce à l'acétate de cuivre. D'autres agents d'oxydation tels que 
diacétate d'iodobenzène,41 le peroxyde de benzoyle42 et l'OXONE®43 sont également 
connus pour oxyder les réactifs de bismuth trivalents en réactifs pentavalents. De 
plus, une réaction de transfert d'aryles sur des alcools de type secondaire impliquant 
des triarylbismuthanes et de I'OXONE® a été rapporté par Sheppard (Schéma 20)_2Sa, 
43 
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+ 
Q~ 6~ 
1.0 eq. 
OXONE (0.5 eq.) 
Cu(OPivh (1 .0 eq.) 
Acétone, 50°C 
65% 
Schéma 20 : Réaction de transfert d'aryle sur l'alcool 49 à partir d'organobismuthane 
en présence d'OXONE® et de pivalate de cuivre 
Concernant l'arylation d'alcools tertiaires, une méthode impliquant l'utilisation 
d'iodobenzène diacétate en tant qu'agent oxydant du réactif de bismuth a été 
découverte par Sato (Schéma 21) .28a, 44 Dans cette réaction, une quantité catalytique 
de cuivre est nécessaire, tout comme la présence d'oxygène afin de ré-oxyder le 
catalyseur. Un milieu anhydre permet aussi d 'obtenir des rendements optimaux. Dans 
le cas de ces alcools tertiaires aliphatiques et dans de nombreux exemples dans la 
formation de liens C-0 catalysée au cuivre, l'encombrement stérique en position 
ortho sur l'aryle à transférer est le point faible de cette transformation. 
l,.,,, 
HO'YOBn 
0 
53 
Cu(OAch (5mol%) 
Cy2NMe (2.0 eq.) 
Ph1(0Ac)2 (1 .9-2.4 eq.) 
CH2CI2, MS 4À 
0 2 (1 atm), t.p. 
54 
Schéma 21 : Arylation de l'alcool tertiaire 53 catalysée au cuivre impliquant un 
réactif de bismuth 52 
Le développement de nouvelles réactions chimiques avec de nouveaux métaux moins 
toxiques tels que le bismuth est un défi innovant à relever à l'ère du respect envers 
l'environnement. Les organobismuthanes présentent de nombreux avantages en plus 
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de leur non-toxicité. En effet, leur faible coût ainsi que leur grande tolérance à la 
plupart des groupements fonctionnels sensibles en font des réactifs de choix . 
O. 2. 3. Le bismuth et les autres métaux 
Tout comme les autres métaux, le bismuth est un élément important dans les 
couplages organométalliques. En effet, les organomagnésiens et les organozincs sont 
des espèces très sensibles à l'air et à l'eau , ce qui nécessite de nombreuses précautions 
pour leurs utilisations. En ce qui concerne les organomercuriques et les organoétains, 
ils sont de moins en moins utilisés en raison de leur grande toxicité. De nos jours, les 
couplages organométalliques impliquant les acides boroniques représentent la part la 
plus importante des réactions de couplage au palladium. Effectivement, leur tolérance 
aux groupements fonctionnels, leur stabi lité ainsi que leur coût modéré en font des 
réactifs de choix. Cependant, la nécessité d'optimisation des conditions de réaction 
peut être incommodante. Une a lternative relativement récente aux acides boroniques 
sont les organoindiums. Ces composés possèdent de nombreux atouts comme une très 
bonne stabilité, une faci li té de mise en œuvre des réactions et une bonne tolérance 
aux groupements fonctionnels. Toutefois, leur coût relativement élevé restreint leur 
utilisation. Finalement, les organobismuthanes se placent en tant 
qu'organométalliques de prédilection au vu de leur très grande stabilité à l'air et à 
l'eau , leur faible coût, leur bonne tolérance aux groupements fonctionnels et leur 
faci lité d'utilisation.45 
O. 3. Synthèse et modification des organobismuthanes 
La synthèse et la modification de réactifs organobismuthanes est l'une des majeures 
parties de cette thèse. En effet, contrairement à d'autres métaux comme le 
magnésium, il est possible de fonctionnaliser ces composés avec des groupements 
réactifs tels que des aldéhydes, des alcools, des esters, etc. Cette famille de composés 
organométalliques peut par la suite être utilisée dans différentes réactions de couplage 
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au palladium ou au cuivre pour permettre la création de liens C-C, C-N et C-0 
(Schéma 22). 
FGCl~ 
'.-::; 
x 
X= Cl, Br,l 55 
ou 
1. iPrMgCI.LiCI, THF 
2. BiCI3, THF 
FG.é') ~FG ~,J,~ 
VFG 56 
FG= -CN, -CH(OR}z, -C02Me, -F, -OMe, -Me, -HetAr 
manipulation 
du groupe fonctionnel 
FG' 0 {)FG' ~ ,J,:. 
v 57 
FG' =aldéhyde, alcool, alcène, etc. 
Schéma 22 : Synthèse et modification de réactifs organobismuthanes 
Les réactifs de bismuth sont facilement synthétisés à partir des organomagnésiens 
correspondants par addition sur le chlorure de bismuth. Selon la nature du 
groupement fonctionnel porté par l'halogénure d'aryle de départ, il n'est pas toujours 
possible de préparer le magnésien par la méthode classique, c'est-à-dire avec le 
magnésium métallique chauffé au reflux du THF. Lorsqu'un groupement fonctionnel 
sensible est présent tel qu'un groupement nitrile ou ester, on utilise alors la méthode 
de Knochel46 basée sur le complexe de chlorure d'isopropyle magnésium et chlorure 
de lithium qui permet un échange métal-halogène entre l'alkyle magnésium et 
l'halogénure d'aryle. Une fois le magnésien préparé, celui-ci effectue une réaction de 
transmétallation sur le chlorure de bismuth pour fournir le réactif de bismuth 
correspondant qui peut alors être utilisé directement dans des réactions de couplage 
subséquentes. Alternativement, ce composé peut être modifié afin d'obtenir d'autres 
types de réactifs organométalliques élaborés comportant des groupements 
fonctionnels difficilement accessibles par des méthodes classiques. Pour explorer le 
-- -----------------------, 
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potentiel des organobismuthanes dans le transfert de groupements fonctionnels 
hautement fonctionnalisés, nous avons préparé des réactifs "classiques" soit par la 
méthode de Grignard soit par celle de Knochel (Schéma 23). 
H3cÙ C cH3 
"6:, 
58 
p=60%, m = 87%,o =86% 
Meoê) 0oMe ~Bi~ 
O OMe 
62 
p = 78%, m = 86% 
69 
95% 
87% 
80% 
60 
84% p = 80%, m = 81% 74% 
0 0 
MeO~ d OMe 
"~" 
;:~ u;.,~CN 
65 MeO""'- 0 64 
NCAJ 
60% 20% 
OMe OMe 
EtO Q ~ OEt ~1 *""< 
EtO ::::,._ OBi ~Et OEt 
*""< · 
OEt 
MeO~ lfoMe 
"~" 
MeO OMe 68 67 
m = 88%, o = 82% 99% 0 
70 71 
53% 
Schéma 23 : Synthèse des triarylbismuthanes "classiques" 
-------------------------- ------------ ------------------
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De nombreux composés portant des groupements neutres, attracteurs et donneurs 
d'électrons, des groupements plus sensibles comme un ester et un nitrile, deux types 
d'acétals, des hétérocycles, un éther de silyle, etc., ont pu être synthétisés. Après la 
synthèse des organobismuthanes par voie classique, nous avons pu réaliser la 
préparation de réactifs hautement fonctionnalisées. Étant donné l'impossibilité de 
synthétiser ces composés par la méthode de Grignard, nous avons envisagé la 
manipulation de groupements fonctionnels directement sur le métal (Schéma 24). 
BiCI3 
~H Ccl) 
ArMgCI/ 73 
0 
~H Hy 
0~BiÛ 
75 HXO 
1N HCI (aq) 
H20fTHF (1 :3) 
2h, t.p . 
87% 
~~Et 
OEt y 
EtO~Biû 
74 ._X_ 
EtO OEt 1.9 g 
Schéma 24 : Préparation du tris-formylphénylbismuth 75 par manipulation du 
groupement fonctionnel acétal 
L'acétal 74 a été placé en solution aqueuse et acide, et le composé 75 portant un 
aldéhyde a été obtenu dans un rendement de 87% à l'échelle du gramme. Il est 
important de rappeler que puisque le bismuth est un métal , les organobismuthanes 
font donc partie de la classe des composés organométalliques, c'est-à-dire des 
composés comportant une liaison carbone-métal. Il est assez rare qu'un composé 
organométallique supporte de telles conditions de réaction car en général , l'hydrolyse 
du lien carbone-métal est observée.47 L'obtention du tris-formylphénylbismuth 75 a 
été confirmée par RMN, HRMS, IR mais également par diffraction des rayons X 
(Schéma 25) afin de démontrer la présence des trois groupements aromatiques sur le 
bismuth ainsi que l'arrangement dans l'espace de ces derniers. 
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Schéma 25 : Structure ORTEP du tris-formylphénylbismuth 75 
La recristallisation de 75 et la diffraction des rayons X ont révélé que le composé est 
de structure pyramidale, que l'angle C-Bi-C est de 92.02° et que les longueurs de 
liaison C-Bi sont de 2.266 A. La structure montre clairement la présence des trois 
groupes aryles potiant chacun un groupement form yle. Cette conformation 
particulière des trois aromatiques est possiblement dû à la présence du doublet libre 
du bismuth qui , par répulsion électronique, contraint les cycles à ce positionnement 
particulier. Toutefois, des études computationnelles sont requises afin de comprendre 
l'origine de cette géométrie particulière. 
Par la suite, d'autres modifications de groupements fonctionnels ont été effectuées. 
Premièrement à partir du tris-formylphénylbismuth 75, une réaction d'addition de 
Grignard , de réduction au NaBH4 et des réactions de type Wittig et Horner-Emmons-
Wadsworth ont été réalisées (Schéma 26). 
- --------
22 
y 
~Bi9 u 1~ 
// 
78 
~C02Me 
Me02CÎL ~J:r 
u 1 ~ 
79 7' 
0 
Br~OEt 
PPh3, NaHC03 
t.p., 3h 
C02Me 
• HW% etH ~H 
Ph3P-CH3 1- ~Bi'2 NaBH4 Bi 
nBuli , THF 1 ~ 1 ~ MeOH, t.p., 15 min 1 1 0 "" "" ___ _è__ .. HOV y 
-1a·c. 2h 80% ~ ~ 
72% 
75 H o n oo 
Me Mg Br 
THF, t.p ., 5 min 
100% 
cf HO~Biû 
u X, 
. 77 OH 
Schéma 26 : Fonctionnalisation du tris-formylphénylbismuth 75 
Tout d'abord, le tris-formylphénylbismuth 75 a été soumis à des conditions 
réductrices, permettant l'obtention du composé 76 portant un alcool primaire dans un 
rendement de 80%. Dans une réaction d'addition de bromure de méthyle magnésium 
sur l'aldéhyde 75, l'alcool secondaire 77 a été formé de façon quantitative. Par la 
suite, une réaction de Wittig a été faite en présence de n-BuLi comme base et malgré 
la forte réactivité de ce composé, le vinyle terminal désiré 78 a été obtenu dans un 
bon rendement. Finalement, dans les conditions de Horner-Emmons-Wadsworth en 
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présence de triphénylphosphine, un ester a,p-insaturé 79 de géométrie E a été préparé 
à partir du composé 75 avec un rendement de 80%. 
D'autres types de modifications ont par la suite été réalisées, notamment à partir de 
l'alcool secondaire 77 (Schéma 27). La réaction d'oxydation de Dess-Martin sur 
l'alcool secondaire 77 a conduit à la méthyle cétone 80 avec un rendement de 60%. 
Le risque majeur de cette réaction était la possibilité d 'oxyder le bismuth car en effet, 
il a été démontré par Finee5 que ce métal peut s'oxyder en présence d'oxydant iodé 
hypervalent. Or, dans ce cas-ci le produit désiré 80 a été observé dans un excellent 
rendement. 
77 
CH2CI2, -10"C, 2h 
60% 
Schéma 27 : Synthèse du tris-méthylcétonephénylbismuth 80 à partir d'une réaction 
d'oxydation de Dess-Martin. 
Par la suite, une réaction de métathèse croisée a été réalisée entre le vinyle terminal 
78 et la méthyle vinyle cétone en utilisant le catalyseur de Grubbs II pour générer la 
cétone 81 correspondante avec un rendement de 69% (Schéma 28). La concentration 
du solvant est un point essentiel pour le succès de cette réaction. En effet, en solution 
plus concentrée, la réaction s'opère avec un rendement de seulement 20%. 
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Grubbs Il 
Schéma 28 : Synthèse du complexe 81 par réaction de métathèse croisée 
Finalement, nous avons apporté deux dernières modifications à l'organobismuthane 
64 portant un ester en position para (Schéma 29). Tout d'abord, une addition de 
méthyle Grignard mène à la formation du réactif 82 portant un alcool tertiaire. En 
milieu basique, l'ester méthylique 64 subit doucement une hydrolyse, ce qui permet 
d'obtenir l'acide carboxylique 83 sans dégradation de l'organométallique. 
~~ 
MeMgBr v  
THF, 5min, t.p. 
MeO -:?' l -:?' l OMe 
"A" 
64 XMe 
1M NaOH aq. 
3h, t.p. 
99% 
0 0 
HO~dOH 
" ?)" 
XH 83 
Schéma 29: Fonctionnalisation du tris-(4-carbométhoxyphényl)bismuth 64 
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La manipulation de groupements fonctionnels directement sur le bismuth n'a pas 
toujours été couronnée de succès durant nos études. En effet, de nombreuses 
modifications de groupements fonctionnels ou de synthèse d'organobismuthanes n'ont 
pas abouti au produit attendu. Tout d'abord, nous souhaitions déprotéger notre acétal 
tétrahydropyrane 66 en utilisant des conditions acides aqueuses (Schéma 30). Basé 
sur la réaction de déprotection de l'acétal 66, nous avions de bonnes raisons de croire 
que cette réaction s'effectuerait sans problème. Toutefois, cette déprotection s'est 
avérée être plus difficile que prévu. 
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APTS (3.0 eq.), HCI 
MeOH, 70"C 
CBr4 (0.05 eq.) 
MeOH, 65"C 
TFA (3.5 eq.) 
CH2CI2, t.p. 
AICI3 x • 
MeOH, t.p. 
HCI 
Schéma 30 : Essais de déprotections de l'acétal tétrahydropyrane 66 
Ainsi de nombreuses conditions opératoires ont été testées notamment avec AlCh 
comme acide de Lewis, différents types d'acides comme HCl, APTS ou encore TF A 
et même une méthode de déprotection avec CBr4 a été essayée. Ces conditions 
opératoires ont donné principalement le produit de départ ou des produits de 
dégradation. 
Également, d'autres types de réaction ont été tentés à partir de notre réactif 75 pot1ant 
un aldéhyde (Schéma 31) . 
Thiophène (9.0 eq.) 
CH2CI2, -15"C 
H20 2 (24 eq.), KOH (12 eq.) 
MeOH, t.p. 
PhNH2 (3.6 eq.), MgS04 (3.6 eq.) 
THF, 65"C 
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Ao 
HO~ 86 
0 
Schéma 31 : Essais de diverses réactions de manipulation du groupement aldéhyde 
sur le réactif organobismuthane 75 
Premièrement sur l'organobismuthane portant un aldéhyde, nous avons essayé de 
former un époxyde avec Et2Zn et CH2h comme réactifs et ce, avec différents temps, 
températures et solvants mais le produit désiré n'a jamais été formé. De plus, une 
oxydation de cet aldéhyde 75 a été tentée en présence de H20 2 et KOH pour former 
l'acide carboxylique 86 correspondant, mais une nouvelle fois la réaction n'a pas 
fonctionné. Finalement, la dernière modification effectuée sur ce réactif 
organométallique 75 a été la formation d'une imine 87 en présence d'aniline. Dans ce 
cas-ci , uniquement de la dégradation a été observée. 
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Malgré quelques essa1s infructueux dans la fonctionnalisation de nos réactifs de 
bismuth, nous avons réussi à développer une large famille d'organobismuthanes 
hautement fonctionnalisés . 
Contrairement à d'autres métaux comme le magnésium, il est possible de 
fonctionnaliser ces organobismuthanes avec des groupements réactifs tels que des 
aldéhydes, des alcools, des esters, etc. La préparation de ces composés 
organométalliques hautement fonctionnalisés a permis de tester leur intérêt dans un 
bon nombre de méthodologies de synthèse. La transférabilité, la diversité et la 
tolérance des groupements fonctionnels ont été étudiées. 
O. 4. Formation de liens C-C par catalyse au palladium 
Les réactions de couplage au palladium permettent la fonnation de liens C-C de 
manière contrôlée. De plus, elles peuvent être appliquées à la préparation de 
molécules complexes. Les catalyseurs de palladium démontrent une bonne tolérance à 
une large gamme de fonctionnalités. Les réactions de couplage de liens C-C les plus 
connues sont celles de Suzuki ,48a Negishi ,48b Stille48c et Kumada-Corriu48d qu1 
emploient respectivement des réactifs de bore, de zinc, d'étain et de magnésium . 
Pour ces premières études de couplage au palladium impliquant des 
organobismuthanes, nous avons sélectionné des 2-halo et 2-triflyl azines et diazines 
comme électrophiles. Ces espèces sont omniprésentes dans l'industrie 
pharmaceutique. En effet, les composés contenant ces hétérocycles azotés ont révélé 
des activités anti-microbiennes, anti-virales, anti-oxydantes et anti-tumorales.49 Par 
conséquent, l'accès à des méthodes efficaces et générales qui permettent leur 
préparation est d'une importance capitale. 5° 
- - ----------------
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Le couplage d'alkyles sp3 sur ce type d'hétérocycles portant un halogène en position 2 
est une méthode intéressante pour accéder aux dérivés alkylés correspondants.51 
Cependant, ce type de réaction est difficile et se.ulement quelques exemples isolés, 
avec des acides boroniques,52 organozincs,53 organomagnésiens54 et organoétains55 
ont été rapportés. En effet, ces exemples souffrent d'un manque d'étendue de leur 
méthode, d'une faible tolérance aux groupements fonctionnels , nécessitent des 
conditions anhydres ou encore utilisent des catalyseurs onéreux pour palier 
l'élimination d'hydrures ~ (Schéma 32). 
M-CH2 a ~PH2 ~ 
H 
88 
---
89 90 
Schéma 32: Élimination d'hydrures~ 
Le premier couplage impliquant un trialkylbismuthane (Schéma 33) a été décrit en 
2008 par Gagnon .56 Dans cet exemple, un motif cyclopropyle a ainsi été greffé sur la 
2-chloropyridine 91 par l'usage du tricyclopropylbismuth 92. Le produit de couplage 
93 a été obtenu avec un rendement de 65% en présence de 
tetrakis(triphénylphosphine)palladium comme catalyseur. Les conditions sont simples 
et ne requièrent aucun ligand ou additif complexe ou coûteux. Cependant, tout le 
potentiel de cette méthode n'a pas été établi dans cet article. En effet, les réactions 
d'alkylation ont été réalisées uniquement sur des pyridines, la tolérance aux 
groupements fonctionnels n'a pas été clairement démontrée et enfin, seulement le 
chlore a été utilisé en tant qu'halogène. 
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~Bip 
(1 .5eq) L 92 
~CN Pd(PPh3)4 (0.1 eq) 
l!__ N-:J...CI KzC03 (2.0 eq) 
DMF, 90°C, 18h 
91 
CÇN /.: N 
93 
Schéma 33 : Réaction de couplage entre la 2-chloropyridine 91 et le 
tricyclopropylbismuth 92 
Au vu de la littérature, il n'existait pas de méthodes générales d'alkylation de 2-halo 
pyridines, pyrimidines, pyridazines et pyrazines. Par conséquent, nous avons pensé 
qu'il était opportun de développer une méthode efficace pour cette réaction de 
couplage (Schéma 34). Ce projet est issu d'un article, présenté au chapitre 1 et en 
annexes A et B. 
FG& 
N X 
94 
X= Cl , Br, OTf 
Pd(PPh3)4 (0.05 eq.) 
Cs2C03 (2.0 eq.) 
DMF, 130°C, nuit 
FG& 
N R 
95 
R = groupe alkyle primaire 
Schéma 34 : Synthèse de 2-alkylazines et diazines 95 par réaction de couplage avec 
des trialkylbismuthanes 
Des conditions opératoires ont été développées de manière à ce qu'elles soient les 
plus simples possibles. En effet, cette méthode nécessite 5 mol% de Pd(PPh3) 4, qui 
est un catalyseur commercialement disponible, et 2.0 équivalents de Cs2C03 en tant 
que base. Aucuns catalyseurs ou ligands spéciaux n'ont été utilisés pour éviter 
l'élimination d'hydrures ~- Dans notre méthode, 11 exemples ont été réalisés à partir 
de pyridines, pyrimidines, pyridazines et pyrazines avec des rendements allant jusqu'à 
86%. Également, une bonne variété d'halogènes et de pseudo-halogènes sur 
l'électrophile 94 a été testée tel que chlore, brome et tritlate. Finalement, la tolérance 
aux groupements fonctionnels a été démontrée, avec notamment des groupements de 
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type méthyle cétone, nitrile ou amine par exemple. Les résultats reliés à ce projet sont 
présentés en annexes A et B. 
De plus, nous avons couplé des réactifs de type triarylbismuthane sur les 2-halo et 2-
triflyl azines et diazines (Schéma 35) afin de mettre au point une approche d'intérêt 
pour l'accès aux hétérocyles arylés correspondants 98 en position 2. Ce projet est issu 
d'un article, présenté au chapitre 2 et en annexes Cet D. 
Couplage 
croisé 
~ D FG-i!:: .. A~ 1 -FG' 
\ 'N~X + M~ 
97 
----
addition sur le groupe fonctionel 
•"""' FGLC ~ 
N 
désiré 
Schéma 35 :Réaction de couplage chimiosélective entre un organométallique 97 
portant un groupement fonctionnel et une 2-halopyridine 96 
Quelques exemples de réactions de couplage sur des 2-haloazines et diazines ont été 
rapportés dans la littérature.57• 58 Cependant, la plupart de ces méthodes démontrent 
une faible étendue, requièrent des réactifs sensibles à l'air et l'humidité ou encore des 
catalyseurs complexes. De plus, une tolérance limitée aux groupements fonctionnels 
est souvent observée, en particulier dans le cas de composés organométalliques 
sensibles tels que les organomagnésiens.59 Bien que les organoétains soient plus 
tolérants vis-à-vis des groupements acides et électrophiles, leur grande toxicité 
combinée au fait qu'un seul aryle ne transfère, les rendent bien moins attrayants.60 Le 
couplage des 2-haloazines et diazines avec des organozincs offre une bonne 
alternative pour la tolérance des groupements fonctionnels. 61 Cependant, leurs 
conditions de manipulation pourraient être problématique en cas d'application en 
chimie parallèle étant donné leur sensibilité à l'air et à l'humidité. De nos jours, les 
méthodes de Knochel62• 63 et de Quéguiner64 restent les méthodes les plus générales 
pour coupler des arylmétaux sur des 2-haloazines et diazines. Étant donné que ces 
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procédures utilisent des organomagnésiens, les groupements sensibles de type 
aldéhydes et cétones ne sont pas tolérés dans ces méthodes. 
Après la découverte des réactions de couplage au palladium avec le triphénylbismuth 
par Barton et Finet en 1988,65 d'autres groupes comme ceux de Rao,66 Tanaka67 et 
autres68 ont développé ces réactions avec d'autres organobismuthanes. Cependant, le 
plein potentiel des triarylbismuthanes dans le transfert de groupements fonctionnels 
dans le couplage de 2-haloazines et diazines, n'a jamais été exploité. Dans le Schéma 
36, le mécanisme d'action des organobismuthanes en réaction de couplage au 
palladium est présenté. 
FG 
çi~,,{G' 
107 
FG' n ~FG' ~Bi~ 
1 
x 
105 
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FG ()-x 
102 
Addition oxydante 
FG PPh o-~-~Ph3 
103 
FG' ~ ~FG' ~Bi~ 
FG' 6 104 
Schéma 36 : Cycle catalytique d'une réaction de couplage au palladium impliquant 
des organobismuthanes 104 
Les réactions de couplage au palladium sont caractérisées par 4 étapes 
caractéristiques. Le cycle catalytique débute par la formation de l'espèce réactive, 
Pd(O)L2, qui provient de la perte de ligands de l'espèce stable de Pd(O) ou Pd(II). 
L'addition oxydante correspond à la réaction entre l'espèce Pd(O)L2 et le réactif R 1X 
afin de former l'espèce organopalladée R 1Pd(II)X. Le réactif organométallique 
intervient dans l'étape de transmétallation afin de transformer l'espèce 
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organopal ladée. L'étape finale consiste en la formation du produit de la réaction par 
élimination réductrice et en la régénération du palladium (0). 
Après avoir établi la méthode pour le couplage des 2-haloazines et diazines avec des 
trialkylbismuthanes, nous avons repris et optimisé les conditions opératoires au 
couplage avec les triarylbismuthanes, c'est-à-dire avec 5 mol% de Pd(PPh3) 4 et 2.0 
équivalents de Cs2C03 en tant que base (Schéma 37). 
N FG~N FG~\0 FG~N FG___rC 1 Il /- ou Il A Il /- Il:\) N ~ ou N ~ N X N X FG' 1 -FG' 1 - FG' '-Ar3Bi (0.4 eq.) 0 ou 0 108 109 112 113 
ou ou Pd(PPh3)4 (5 mol%) ou 
FG n 
Cs2C0 3 (2 eq.) 
'"-Glo '" Clo FG-ù ou DMF, 13o·c. nuit Il /- N --< . Il --" N, N--< X N ~ ' N ~ N X 1 o-FG' ou 1 - FG' 0 
110 111 114 115 
X = Cl, Br, OTf 
Schéma 37 : Couplage de triarylbi smuthanes fonct ionnali sés sur des 2-halo et 2-
(triflyl)azines et diazines 
De très nombreux exemples rapportés dans notre article ont démontré la diversité et la 
tolérance aux groupements fonctionne ls de cette méthode. En effet, des groupements 
très sensibles comme des esters, aldéhydes, méthyle cétones ou encore alcools 
secondaires ont été testés et aucunes réactions secondaires n'ont été observées. Les 
résultats reliés à ce projet sont présentés en annexes Cet D. 
O. 5. Catalyse au cuivre 
Les réactions de couplage au cu ivre permettant la formation de liens C-C, C-N et 
C-0 sont une longue histoire en chimie organique et ont été utilisées dans de 
nombreux procédés industriels.69 Cependant, une limitation clé de ces méthodes est la 
nécessité de conditions opératoires difficiles (températures élevées et solvants 
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polaires) ainsi que l'utilisation de quantités stœchiométriques de catalyseur. Après 
d'importantes contributions antérieures/0 une amélioration majeure est apparue en 
2001 lorsque Buchwald a démontré que les ligands diamines permettent le couplage 
des halogénures d'aryles et d'amines, réaction connue sous le nom d 'arylation de 
Goldberg, dans des conditions douces avec l'utilisation d'une base faible, d'un solvant 
non polaire, de température ambiante ainsi qu'une quantité catalytique de cuivre.71 
Ces nouvelles conditions opératoires ont considérablement augmenté l'utilisation des 
réactions de couplage au cuivre.72 Ces méthodes sont robustes, utilisent des ligands 
simples et tolèrent une pléthore de groupements fonctionnels , ce qui les rendent 
extrêmement intéressantes pour la création de molécules à l'architecture complexe. 
O. 5. 1. Formation de liens C-N 
Après avoir développé des méthodes de formation de liens C-C par catalyse au 
palladium, la formation de liens C-N s'est imposée. En effet, nous avons rapporté la 
N-arylation d'indoles, d'indazoles, de pyrroles et de pyrazoles avec des 
organobismuthanes hautement fonctionnalisés. Ce projet est issu d'un article, présenté 
au chapitre 3 et en annexes E et F. Les azotes et diazoles sont des unités fréquemment 
utilisées en chimie médicinale pour projeter des pharmacophores clés le long de 
différents vecteurs à l'intérieur de la poche de liaison de la cible biologique.73 ' 74 La 
N-arylation de ces composés azotés permet d'étudier de nouvelles interactions autour 
de l'inhibiteur75 et de modifier ses propriétés biophysiques.76 Également, les N-
arylazoles et diazoles ont trouvé des applications dans la chimie des matériaux et des 
polymères.77 En général , ces composés sont préparés via une N-arylation 78 par 
catalyse de métaux d'un N-H hétéroarène avec des halogénures d'aryles,79 des acides 
boroniques80 ou des réactifs de plombY Cependant, la toxicité des réactifs de plomb 
et les limitations des autres méthodes, comme de longs temps de réaction , des 
quantités super-stœchiométriques de catalyseur ou encore l'utilisation de ligands 
onéreux, restreignent ces méthodologies. De ce fait , le développement de nouvelles 
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approches qui permettent la synthèse d'arylazoles et diazoles fonctionnalisées sont 
souhaitables. 
En 1988, Barton et Pinet ont rapporté l'utilisation du triphénylbismuth-bis-
tritluoroacétate dans l'arylation de l'indole 116 (Schéma 38).82 
co N 
' H 
116 
Ph3Bi(OC(O)CF3h 
Cu(O) ou Cu(l) 
jusqu'à 50h 
ci? 
H 
117 
Schéma 38 : Arylation de l'indole 116 par la méthode de Barton et Pinet avec du 
bismuth pentavalent 
Cette méthode a été uniquement appliquée au transfett de groupements phényles non 
substitués et requiert l'utilisation de complexes de bismuth pentavalents, moins 
stables que leurs homologues trivalents. De plus dans la majorité des cas, l'arylation 
en position C3 a été observée, excepté lorsque cette position est bloquée par un 
groupe alkyle ou lorsqu'un ester est présent en position C2 de l'indole. 
En 1996, Chan a publié une variation de protocole du l'article de Barton et Finet,83 en 
utilisant des organobismuthanes de type trivalent pour la N-arylation de composés 
azotés (Schéma 39).84 
0 Ar3Bi (jusqu'à 2.0 eq.) 
Y)lN'R1 Cu(OAch (jusqu'à 1.5 eq.) 
1 
H jusqu'à 72h 
118 
Y= Ar, R, C(O), NR', OR' 
Schéma 39 : Arylation du composé 118 par la méthode de Chan avec du bismuth 
trivalent 
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Malgré l'utilité des méthodes de Barton et Chan, quelques limitations peuvent être 
soulevées. En effet, la quantité d'organobismuthane et de catalyseur nécessaires sont 
super-stœchiométriques et le temps de réaction peut aller jusqu'à 72h. De plus, cette 
approche n'a pas été appliquée aux indoles, indazoles, pyrazoles ou pyrroles, mais 
plutôt à des composés possédant un atome d'azote connecté à une fonction carbonyle. 
Finalement, la tolérance aux groupements fonctionnels n'a pas été démontrée car 
seulement des organobismuthanes classiques ont été couplés sur des substrats non 
fonctionnalisés. 
Dans le Schéma 40, le mécanisme d'action des organobismuthanes en réaction de 
couplage au cuivre est présenté. 
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Nu OAc 
cù 
FG' 6 
126 
0 
Cu(OAch 
120 
Cu(OAc) 
124 
FG' ~ ~ FG' ~Bi~ 
FG' 6 
121 
FG' ~ ~ FG' ~Bi~ 
AcO OAc 
FG'- 1 
:::,.._ 122 
)l 8 Œ> 
0 Base-H 
129 
AcO OAc 
cù 
Base + Nu-H 
127 128 
FG' 6 125 
FG' ~ ~ FG' ~Bi~ 
1 123 
OAc 
Schéma 40 : Cycle cata lytique d'une réaction de couplage catalysée au cuivre 
impliquant des organobismuthanes 121 
La première méthode de N-arylation d'azo les et de di azoles 131 utilisant des 
organobismuthanes hautement fonctionnali sés et une quantité catalytique d'acétate de 
cui vre a été rapportée par notre groupe (Schéma 41). La présence d'oxygène dans la 
réacti on permet de mainteni r un taux catalytique en acétate de cuivre, possi blement 
en régénérant le catalyseur durant la réacti on. 
indoles, indazoles, 
pyrazoles, tryptophan, 
pyrroles (z= CH, N) 
Ar3Bi (1 .0 eq .) 
Cu(OAc)z (catalytique) 
02, 12h 
FG (~-~~z "::~:. ...... l_N, 
OFG' 132 
FG, FG' = aldéhyde, ester, 
amide, nitrile, halogène, nitro, 
alcool, ester a, J3-insaturé, 
éther, cétone 
Schéma 41 : N-Arylation d'azoles et diazoles 131 avec des réactifs 
d'organobismuthanes trivalents hautement fonctionnalisés 
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Cette procédure permet d'accéder régiosélectivement au produit de N-arylation plutôt 
qu'au produit de C3-arylation et démontre une exceptionnelle tolérance aux 
groupements fonctionnels , que cela soit sur le substrat de départ ou sur le 
triarylbismuthane. En effet, des groupements très sensibles de type alcool primaire, 
cétone, aldéhyde, halogène, etc. sont tolérés dans ces conditions de réaction et 
aucunes réactions secondaires n'ont été observées malgré la haute fonctionnalisation 
des composés. Finalement, la méthode a été appliquée à la N-arylation de dérivés du 
tryptophane afin de former des produits de type N-aryltryptophane. Les résultats 
reliés à ce projet sont présentés en annexes E et F. 
O. 5. 2. Formation de liens C-0 
Après la création de liens C-C et C-N impliquant des organobismuthanes, la 0-
arylation de composés de type phénols ou 1 ,2-aminoalcools a été un des derniers 
sujets que nous avons exploré. Ce projet est issu d'un article, présenté au chapitre 4 et 
en annexes G et H. Étant donné l'efficacité de la méthode de N-arylation par catalyse 
au cuivre, il était raisonnable de penser que des réactions de 0-arylation de composés 
oxygénés par catalyse au cuivre seraient tout aussi réalisables. En effet, un exemple 
de N-arylation d'azoles et de diazoles, qui a été abordée précédemment, a conduit au 
développement d'une nouvelle méthodologie par catalyse au cuivre (Schéma 42). Le 
premier exemple du Schéma 42, issu de notre article sur la N-arylation, démontre 
40 
qu'en présence d'un alcool primaire sur l'indole 133, uniquement la N-arylation est 
observée. Or, lorsqu'il y a la présence d'une amine protégée par un Boe en ~ de 
l'alcool 135, cette fois les produits de N- et la 0-arylation sont obtenus. 
Incontestablement, l'amine joue un rôle crucial dans cette réaction. Ce cas particulier 
a donc été le déclencheur d'une nouvelle méthodologie qui est la 0-arylation de 1,2-
aminoalcools N-protégés. 
---------- -
N 
' -~~- _ i __ (m_-_M--'e-C6_H...:..:4)=-3B'-i-( 1-.0-'-e'-q-. ).. Cu(OAch (1 .0 eq.) 
Pyridine (3.0 eq.) 
H cH2CI2, 5o· c, o2, 12h 
133 
,----------
: NHBoc : 
' ,. : 
~N ~~- j __ c_u--'(O_A_c...:..:h:....('-1._0_e_q._) _ l;L{ ----- Pyridine (3.0 eq .) 
H CH2CI2, 5o•c, 0 2, 12h 
135 (m-MeC6H4)JBi (1 .0 eq.) : 52% 
(m-MeC6H4 lJBi (1.0 eq.) : 80% 
N-arylation sélective 
NHBoc 
r 
~0~Me l;l) v 
h 
\J-Me 136 
N, 0-diarylation 
Schéma 42: N- versus 0-arylation du 3-(3-hydroxypropyl)-lH-indole 133 et duN-
Boc-tryptophanol 135 
Les ~-aryloxyamines sont fréquemment retrouvées dans les produits naturels et dans 
les composés d'intérêt pour la chimie médicinale. Ils peuvent être accessibles au 
travers de réactions de SNAr entre des 1,2-aminoalcools et des halogénures d'aryles 
pauvres.85 Également, ces composés peuvent être préparés à partir des mêmes 
précurseurs, mais par la réaction de Mitsunobu86 ou via une réaction de SN2 sur des 
mésylates ou tosylates correspondants. 87 Malgré que ces méthodes soient très 
courantes dans l'industrie pharmaceutique, elles souffrent de quelques limitations. En 
effet, elles nécessitent la présence de groupements attracteurs d'électrons sur 
41 
l'aromatique (SNAr), la dérivatisation de l'alcool dans le cas de la SN2 ou alors elles 
conduisent à la formation de produits secondaires, ce qui peut compliquer l'isolation 
du produit désiré (triphénylphosphine et urée dans la réaction de Mitsunobu). 
La 0-arylation de 1,2-aminoalcools par catalyse au cuivre utilisant des halogénures 
d'aryles a été illustrée par les travaux novateurs de Buchwald88 et Evano89 (Schéma 
43) qui constitue une stratégie efficace pour la synthèse des ~-aryloxyamines.90-92 
1.0 eq. 
R1 = H, Me, Et 
OH 
~OTBS 
N + 
Boe 
140 
1.0 eq. 
1.2 eq. 
R2 = 1 ,3-diMe, 
N02, ester 
Cul (5 mol%) 
Cs2C03 (2.0 eq.) 
butyronitrile, 125•c 
jusqu'à 30h 
Buchwald, 2002 
Cul (0.1 eq.) 
1,1 0-Phenanthroline (0.2 eq.) r(YOMe I~R Cs2C03 (2.0 eq .), toluène, 125•c 
141 
1.0 eq . 
R =ester, aldéhyde, 
viny!, alcène 
jusqu'à 48h 
Evano,2009 
R MeO~ 
~ 0 
~OTBS 
~ 142 
Boe 
Schéma 43 : Méthodes pour la 0-arylation des 1 ,2-aminoalcools par catalyse au 
cuivre décrites par Buchwald et Evano 
Ces méthodes tolèrent un grand nombre de groupements fonctionnels et ne 
nécessitent pas de réactifs organométalliques. Cependant, les longs temps de réaction 
et la haute température de chauffage peuvent être un frein suivant la molécule de 
départ utilisée. De manière surprenante, la 0-arylation des 1 ,2-aminoalcools utilisant 
des composés organométalliques a été beaucoup moins étudiée et le seul exemple 
utilisant cette technique a été développé par Mukaiyama et implique le fluorure de 
tetraphénylbismuth comme source d'aryle (Schéma 44).93 
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Cu(OAch (5 mol%) 
Cy2NMe (2.0 eq.) 
Ph4BiF (1 .6 eq .) 
CH2CI2, t.p. , 3h 144 
50-94% 
Schéma 44 : 0-Arylation de 1,2-aminoalcools en présence de Ph4BiF 
Le développement d'une nouvelle procédure de 0-arylation de 1 ,2-aminoalcools 
s'appuie sur les conditions opératoires que nous avons déterminé dans le projet deN-
arylation d'azoles et de diazoles, étant donné le lien exposé précédemment entre ces 
deux projets (Schéma 45). 
NHBoc 
R~OH + 
145 
R = aryle, alkyle 
(FG-Q, ""-'::: 
\ ~ 3 Bi 
146 
Conditions A : 
Cu(OAch (0.3 eq.), pyridine (1.2 eq.) 
toluène, ao•c, 02, nuit 
Conditions B : 
Cu(OAch (1.0 eq.), pyridine (3.0 eq.) 
CH2CI2, 5o•c, 02, nuit 
NHBoc 
R~o~ VFG 
147 
Schéma 45: 0-Arylation de 1,2-aminoalcools 145 utilisant des organobisinuthanes 
fonctionnalisés 146 
Les conditions opératoires nécessitent une quantité catalytique d'acétate de cuivre qui 
est possible grâce à la présence d'oxygène dans la réaction et 1.2 à 3.0 équivalents de 
pyridine suivant les conditions utilisées. En plus de la table de substrats que nous 
avons réalisée pour démontrer l'étendue de la méthode, de nombreuses expériences 
ont été effectuées afin de déterminer par quel mécanisme l'amine dirige la 0-arylation 
de l'aminoalcool. Après de nombreux tests de réactivité, nous avons déterminé que la 
présence de l'amine en ~ de l'alcool permettait de diminuer le pKa de celui-ci afin qu'il 
puisse réagir avec l'oganobismuthane 146. Les résultats reliés à ce projet sont 
présentés en annexes G et H. 
La dernière méthodologie développée pour la formation de liens C-0 par catalyse au 
cuivre est la 0-arylation de phénols avec l'utilisation des organobismuthanes. Cet 
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article publié par notre groupe en 2014 ne sera pas rapporté dans cette thèse, mais il 
est important d'aborder cette technique très efficace dans la synthèse des diaryles 
éthers fonctionnalisés. 
Les diaryles éthers sont des composés que l'on retrouve aisément dans la nature94 et 
dans les molécules d'intérêt pour la chimie médicinale. 95 Ce motif a aussi été identifié 
dans des peptides naturels comme la vancomycine, compléstatine, teicoplanine et 
eurypamide.96 Dû à leurs diverses activités biologiques, la synthèse des diaryles 
éthers est de la plus grande importance. Pour être applicable à la synthèse de produits 
naturels, les méthodes de synthèse des diaryles éthers doivent tolérer une gamme 
importante de groupements fonctionnels. De plus, pour trouver une large étendue en 
chimie médicinale, ces protocoles doivent opérer sous de simples conditions 
opératoires afin d'être applicables en chimie parallèle et ne doivent pas nécessiter 
l'utilisation de ligands ou catalyseurs complexes ou coûteux.97 La réaction d'Ullmann , 
qui consiste au couplage d'un phénol avec un halogénure d'aryle par catalyse au 
cuivre, est la première méthode rapp01tée pour la synthèse des diaryles éthers 
(Schéma 46).98 
148 149 R1, R2 = attracteur, donneur d'électrons 
0 0 
c""' (10 mol%), ü 
Cs2C03 , DMF, 135•c 
R,OOJ8R2 
150 
Schéma 46 : Arylation du phénol 148 avec un halogénure d'aryle 149 par la méthode 
d'Ullmann 
Cependant, la nécessité d'utiliser des hautes températures de réaction empêche son 
emploi dans la synthèse de molécules complexes. La solution apportée par Evans, 
Chan et Lam, et qui consiste en un couplage entre un acide boronique et un phénol, a 
permis de résoudre le problème de synthèse des diaryles éthers (Schéma 47).99• 100 
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151 
3.0 eq. 
R1, R2 =attracteur, donneur d'électrons 
Cu(OAch (1.0 eq.) 
Et3N (5.0 eq.), CH2CI2 
MS 4À, t.p ., air, 22h 
153 
Schéma 47 : Arylation de phénol151 avec un acide boronique 152 par la méthode 
d'Evans, Chan et Lam 
Malgré le fait que cette procédure soit plutôt générale, l'excès d'acide boronique est 
souvent nécessaire afin d'obtenir de bons rendements. Récemment, l'introduction de 
ligands complexant de cuivre par Buchwald a permis l'utilisation d'une quantité 
catalytique de cuivre pour la réaction d'Ullmann. 101 La 0-arylation de phénols peut 
aussi être réalisée en utilisant des aryliodoniums, tel que rapportée par Olofsson. 102 
Cependant, dans ce cas, une base f01te est généralement utilisée pour promouvoir la 
réaction. L'utilisation des composés organométalliques reste une stratégie attrayante 
pour la synthèse des diaryles éthers fonctionnalisés. 103 Cette approche n'a pas été 
uniquement mise en pratique avec les acides boroniques,99• 100 mais aussi avec les 
trifluoroborate de potassium, 104 les organoplombs 105 et les organoétains.106 Dans les 
années 80, Barton a rapporté l'utilisation du triphénylbismuth diacétate dans la 0-
arylation de phénols.107 Or, ces études qui reposent sur une préformation du bismuth 
pentavalent, n'ont pas démontré le tolérance de la méthode aux groupements 
fonctionnels et impliquent uniquement le transfert de groupements aryles non 
substitués. Après la publication de ce travail de pionnier, quelques exemples isolés de 
0-arylation de phénols utilisant des organobismuthanes trivalents ont été rappot1és.108 
Cependant, il n'existe qu'un seul article illustrant une méthode relativement complète 
de 0-arylation de phénols avec les organobismuthanes, mais celle-ci implique du 
Phi(OAc)2 comme co-oxydant, ce qui constitue une limitation impot1ante.109 
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Au vu de la littérature, il était intéressant de développer une méthode efficace avec 
des conditions opératoires simples afin de pouvoir proposer une solution 
concurrentielle aux méthodes existantes (Schéma 48). 
154 155 
FG = ester, cétone, 
aldéhyde, halogène, 
alcool 
FG' = ester, acétal, 
aldéhyde, halogène 
Conditions A : 
Cu(OAch (1.0 eq .), Et3N (3.0 eq.) 
CH2CI2, so•c. air, 3h 
Conditions B : 
Cu(OAch (0.3 eq.), Et3N (3.0 eq .) 
CH2CI2, so·c. 0 2, nuit 156 
Schéma 48 : 0-Arylation de phénols fonctionnalisés 154 avec des triarylbismuthanes 
substitués 155 
La méthode que nous avons développée est générale car, grâce à des conditions 
douces de réaction et une très bonne tolérance aux groupements fonctionnels , elle 
peut être adaptée à de nombreux composés complexes tels que des produits naturels. 
En effet, des groupements sensibles de type aldéhyde, cétone ou alcool ont été testés 
et des rendements allant jusqu'à 98% ont été observés. De plus, cette approche a été 
comparée avec celle d'Evans, Chan et Lam afin de pouvoir juger de son efficacité 
(Schéma 49). 
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yO 
MeO OH 
0 
157 
MeOyOOH 
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Et3N (3.0 eq.) 
CH2CI2, 5o•c, 6h 
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Meoy00~H 
0 0 
159 (41%) 
Schéma 49 : Comparaison de 0-arylation du 3-hydroxy benzoate de méthyle 157 
avec l'acide boronique 158 et l'organobismuthane 160 
Avec les conditions classiques d'Evans, Chan et Lam trouvées dans la littérature,99a le 
diaryle éther 159 a été obtenu avec un rendement de 41% après 22h de réaction à 
température ambiante. Le même produit a été synthétisé avec un rendement de 64% 
après 6h de réaction en utilisant l'organobismuthane 160 et 0.3 équivalents d'acétate 
de cuivre. En utilisant les conditions développées avec l'organobismuthane dans la 
réaction avec l'acide boronique, le produit 159 a été obtenu avec seulement 14% de 
rendement. 
O. 6. Étendue des méthodes d'arylation 
La préparation de molécules complexes repose sur notre capacité à former de 
nouvelles liaisons de manière contrôlée. Afin d'y parvenir, l'accès à des méthodes 
efficaces qui permettent la création de nouvelles liaisons en présence de groupements 
fonctionnels est essentiel. De plus, ces méthodes doivent, idéalement, être s imples et 
robustes pour être appliquées en chimie parallèle permettant ainsi la préparation de 
banques de composés intéressants du point de vue de la chimie médicinale. 
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Les réactifs organométalliques ont révolutionné le domaine de la chimie organique en 
facilitant la formation de liens difficiles d'accès. Cependant, certains de ces réactifs 
souffrent d'importantes limitations comme une sensibilité à l'air et l'humidité, de 
pyrophoricité, d'une faible stabilité et d'une faible compatibilité avec des groupements 
fonctionnels . Récemment, les travaux de Knochel et d'autres sur la préparation de 
composés organométalliques fonctionnalisés ont contribué à résoudre certains 
problèmes reliés à ces réactifs tel que la tolérance aux groupements fonctionnels, la 
toxicité, la mise en œuvre des réactions, etc. 
Depuis quelques années, les organobismuthanes démontrent qu'ils sont une classe de 
réactifs organométalliques à part entière. Ces réactifs peuvent être préparés à partir 
des sels de bismuth non toxiques et peu coûteux ou alors par la méthode de Grignard 
tel qu'abordée précédemment. Les triarylbismuthanes sont particulièrement 
intéressants car ils sont stables à l'air et à l'humidité. En effet, ils peuvent être purifiés 
par chromatographie sur colonne ou par cristallisation et être stockés sur la paillasse. 
En raison de la faib le force de la liaison bismuth-carbone, les réactifs 
organobismuthanes sont remarquablement tolérants à de nombreux groupes 
fonctionnels. Leur réactivité est déterminée par l'état d'oxydation du bismuth, soit le 
bismuth(III) trivalent qui réagit en tant que réactif nucléophile ou soit le bismuth(V) 
pentavalent qui se comporte comme une espèce électrophile. Dans les années 1980, 
Barton et Finet ont exploité ce double mode de réactivité pour développer une série 
de réactions métalo-catalysées à base d'organobismuthanes. Plus récemment, les 
travaux de Condon et Rao sur ces composés organométalliques particuliers ont 
contribué à étendre l'application de cette classe de réactifs en synthèse organique. 
Après avoir rapporté de nombreuses méthodes de formation de liens C-C, C-N et 
C-0 impliquant les organobisrnuthanes, une étendue de ces méthodologies et de la 
fonctionnalisation des complexes a été envisagée dans notre dernier projet. Il est issu 
d'un article en cours d'écriture, présenté au chapitre et en annexes I et J. Ces 
différentes approches que nous avons développées, ont permis le transfert de groupes 
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Dans cet article en préparation, la synthèse d'organobismuthanes a été développée, 
c'est-à-dire que des groupements de type alcools (primaire, secondaire et tertiaire), 
cétone et ester a,~-insaturé , cétone, aldéhyde et vinyle terminal ont été greffés sur des 
triarylbismuthanes. Ces complexes hautement fonctionnalisés ont été, par la suite, 
transférés sur tous les types de substrats présentés auparavant dans cette thèse. Les 
résultats reliés à ce projet sont présentés en annexes 1 et J. 
CHAPITRE I 
RÉACTION DE COUPLAGE ENTRE DES TRIALKYLBISMUTHANES ET DES 
2-HALOAZINES ET DIAZINES CATALYSÉE AU PALLADIUM 
1. 1. Introduction 
Les 2-haloazines et diazines sont des espèces très convoitées dans la chimie 
médicinale. En effet, ces composés ont révélé des activités anti-microbiennes, anti-
virales, anti-oxydantes et anti-tumorales. Par conséquent, l'accès à des méthodes 
efficaces et générales qui permettent leur préparation est d'une importance capitale. 
De plus, le couplage d'alkyles sp3 sur ce type de substrats portant un halogène en 
position 2 est une méthode intéressante pour accéder aux dérivés alkylés 
correspondants. Or à ce jour, il n'existe pas de méthodes complètes et générales pour 
la préparation de ce genre de composés car bien souvent, la réaction secondaire 
d'élimination d'hydrure ~ est observée. La méthode de couplage présentée dans les 
annexes A et B, démontre que . des conditions simples de réaction peuvent être 
développées, avec, par exemple, un catalyseur peu coûteux et commercial , l'absence 
de ligand afin d'éviter une possible élimination d'hydrure ~ et être totalement 
compatibles avec des groupements fonctionnels. 
1. 2. Informations supplémentaires 
L'article issu de ces travaux est présenté à l'annexe A. Les informations 
supplémentaires, contenant les protocoles expérimentaux ainsi que les 
caractérisations et spectres RMN, sont présentés à l'annexe B. 
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1. 3. Conclusion 
En conclusion, une procédure efficace et générale pour le couplage d'alkyles sur des 
2-haloazines et diazines a été développée à partir de trialkylbismuthanes. En effet, 
cette méthodologie opère sous de simples conditions de réaction avec l'utilisation d'un 
catalyseur simple. De nombreux groupements fonctionnels sont tolérés et les 
composés synthétisés ont une importante valeur en chimie médicinale. 
CHAPITRE II 
RÉACTION DE COUPLAGE ENTRE DES TRIARYLBISMUTHANES AVEC 
DES 2-HALO(ou 2-TRIFLYL) AZINES ET DIAZINES CATALYSÉE AU 
PALLADIUM 
2. l. Introduction 
Des réactifs organométalliques de type triarylbismuthanes ont été couplés sur les 2-
halo et 2-triflyl azines et diazines afin de constituer une approche d'intérêt, pour 
l'accès à ces hétérocyles arylés en position 2 en chimie médicinale. De nombreuses 
méthodes existantes permettent de réaliser ce couplage. Or la plupart de ces méthodes 
comportent soit des difficultés de mise en œuvre notamment avec les organozincs soit 
une incompatibilité de groupements fonctionnels avec les organomagnésiens par 
exemple. La méthode de couplage proposée ici , démontre que des conditions simples 
de réaction peuvent être développées, avec, par exemple, un catalyseur peu coûteux et 
commercial et être totalement compatibles avec des groupements fonctionnels 
sensibles. 
2. 2. Informations supplémentaires 
L'article issu de ces travaux est présenté à l'annexe C. Les informations 
supplémentaires, contenant les protocoles expérimentaux ams1 que les 
caractérisations et spectres RMN, sont présentés à l'annexe D. 
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2. 3. Conclusion 
Une nouvelle méthode d'arylation a été proposée à partir de triaryl- et tri-
hétéroarylbismuthanes fonctionnalisés sur des 2-halo- et 2-triflylazines et diazines. 
Cette procédure utilise des organobismuthanes stables et opère sous de simples 
conditions, ce qui mène à l'obtention des produits désirés avec de bons à excellents 
rendements. De plus, les trois groupes aryles sur le bismuth sont transférés dans cette 
réaction, ce qui permet une économie d'atomes. Pour la première fois dans cet article, 
il a été démontré que la manipulation de groupement fonctionnel directement sur 
l'organométallique, afin de transformer un acétal en aldéhyde, est efficace. 
CHAPITRE III 
N-ARYLATION D'AZOLES ET DE DIAZOLES CATALYSÉE AU CUIVRE 
IMPLIQUANT DES ORGANOBISMUTHANES HAUTEMENT 
FONCTIONNALISÉS 
3. l. Introduction 
Tout comme les azines et diazines, les azoles et diazoles sont des unités fréquemment 
utilisées non seulement en chimie médicinale, mais également dans la chimie des 
matériaux et polymères. Les méthodes existantes pour la N-arylation de ces composés 
souffrent de nombreuses limitations comme des temps de réaction extrêmement 
longs, l'usage de réactifs toxiques ou des quantités super-stœchiométriques de 
catalyseur. Il était alors nécessaire de développer une méthode simple et efficace à 
partir des triarylbismuthanes afin de générer les molécules les plus fonctionnalisées 
possibles. Également, l'arylation de dérivés de tryptophane a été proposée dans le but 
d'être applicables en chimie médicinale. 
3. 2. Informations supplémentaires 
L'article issu de ces travaux est présenté à l'annexe E. Les informations 
supplémentaires, contenant les protocoles expérimentaux ainsi que les 
caractérisations et spectres RMN, sont présentés à l'annexe F. 
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3. 3. Conclusion 
Pour résumer, une nouvelle méthodologie de N-arylation d'indoles, d'indazoles, de 
pyrroles et de pyrazoles a été proposée à partir d'organobismuthanes hautement 
fonctionnalisés . La transformation opère avec une quantité catalytique de cuivre et 
tolère une exceptionnelle diversité de groupements fonctionnels sur les deux 
partenaires de couplage afin d'accéder aux azoles et diazoles fonctionnalisées . 
L'utilisation de cette méthode pour l'arylation de dérivés du tryptophane est le point 
de départ d'un nouveau projet pour l'arylation d'aminoacides et de peptides contenant 
des unités tryptophanes. 
CHAPITRE IV 
0-ARYLATION DE 1,2-AMINOALCOOLS N-PROTÉGÉS CATALYSÉE AU 
CUIVRE IMPLIQUANT DES ORGANOBISMUTHANES HAUTEMENT 
FONCTIONNALISÉS 
4. 1. Introduction 
Les ~-aryloxyamines sont fréquemment retrouvées dans les produits naturels et dans 
les composés d'intérêt pour la chimie médicinale. Ces composés peuvent être 
accessibles à partir de différentes méthodes comme des réactions de SNAr, 
Mitsunobu ou via une réaction de SN2 sur des 1 ,2-aminoalcools et des halogénures 
d'aryles. Malgré que ces méthodes soient très courantes dans l'industrie 
pharmaceutique, elles souffrent de quelques limitations comme la nécessité d'avoir 
des groupements attracteurs ou la formation de produits secondaires. Or, la réaction 
d'arylation des 1 ,2-aminoalcools N-protégés a été très peu étudiée à partir 
d'organométalliques comme agents de couplage. La seule méthode rapportée utilisant 
un réactif métallique est l'approche utilisant du fluorure de tetraphénylbismuth 
comme source arylante. De ce fait, le développement d'une nouvelle méthodologie de 
0-arylation de 1,2-aminoalcools à partir de bismuth trivalent, bien plus stable que son 
homÇ>Iogue pentavalent, a été réalisée afin de proposer un protocole efficace avec peu 
de limitations. 
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4. 2. lnformations supplémentaires 
L'article issu de ces travaux est présenté à l'annexe G. Les informations 
supplémentaires, contenant les protocoles expérimentaux ams1 que les 
caractérisations et spectres RMN, sont présentés à l'annexe H. 
4. 3. Conclusion 
En conclusion, une 0-arylation de 1 ,2-aminoalcools catalysée au cuivre à partir 
d'organobismuthanes fonctionnalisés a été proposée. La réaction opère avec une 
quantité catalytique de cuivre et tolère une bonne variété de groupements fonctionnels 
sur l'organobismuthane afin d'accéder aux ~-aryloxyamines fonctionnalisées 
correspondantes. Différents groupes protecteurs sur l'amine dans cette réaction 
d'arylation peuvent être utilisés comme le BOC, Cbz, Ac et Ts. Finalement, il a été 
démontré que la présence d'un groupement amine en ~ d'un alcool permet une 
augmentation de sa réactivité probablement dû à un effet inductif. 
CHAPITRE V 
SYNTHÈSE D'ORGANOBISMUTHANES HAUTEMENT FONCTIONNALISÉS 
PAR MANIPULATION DE GROUPEMENTS FONCTIONNELS ET 
UTILISATION DANS DES RÉACTIONS D'ARYLA TION 
5. 1. Introduction 
Les méthodologies proposées jusqu'à présent avec les organobismuthanes ont pour 
objectif la création de nouveaux liens C-C, C-N et C-0 en présence de groupements 
fonctionnels sans que cela n'altère leurs efficacités. Il est primordial aujourd'hui de 
développer des méthodes efficaces et simples qui respectent tous types de 
fonctionnalisations afin qu'elles puissent être appliquées à plus grande échelle en 
chimie médicinale. Dans ce dernier projet, la fonctionnalisation des 
organobismuthanes a été poussée à son paroxysme et ils ont été couplés sur tous les 
types de substrats présentés dans cette thèse. 
5:2. Informations supplémentaires 
L'article en préparation issu de ces travaux est présenté à l'annexe 1. Les informations 
supplémentaires, contenant les protocoles expérimentaux ainsi que les 
caractérisations et spectres RMN obtenus jusqu'alors, sont présentés à l'annexe J. 
5. 3. Conclusion 
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Le résumé et l'extension des travaux réalisés depuis le début de cette thèse sont ici 
l'objet d'un article en cours d'écriture. L'application des organobismuthanes les plus 
fonctionnalisés possibles, aux arènes et aux hétéroarènes, aux azines et diazines, aux 
indazoles et aux pyrazoles, aux indoles et aux pyroles, aux phénols et aux pyridones 
et finalement aux 1 ,2-aminoalcools, donne accès à une grande gamme de produits 
médicinalement pertinents. 
CONCLUSION 
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En conclusion, la synthèse d'organométalliques fonctionnalisés à base de bismuth par 
manipulation de groupements fonctionnels a été réalisée. De façon surprenante, le 
lien C-Bi tolère de nombreuses conditions de réaction telle que des conditions acides, 
basiques, oxydatives, réductrices, etc. , grâce à la faible réactivité de ce lien carbone-
métal. Des groupements de type alcool , cétone, aldéhyde, ester, vinyle et autres ont 
pu être synthétisés de manière efficace sans observer de dégradation de 
l'organométallique ni de réactions secondaires. Ces nouveaux organométalliques de 
choix ont été appliqués dans des réactions de couplage afin de démontrer l'étendue de 
leurs possibilités. En effet, nous avons développé de nouvelles méthodologies 
d'arylation, à partir d'organobismuthanes pour la création de nouveaux liens C-C, 
C-N et C-0. De plus, il a été possible de synthétiser de nombreuses unités 
fréquemment retrouvées dans des composés d'importance en chimie médicinale de 
type biaryles, hétéroaryles arylés, 2-arylazines et diazines, N-arylindazoles et 
pyrazoles, N-arylindoles et pyrroles, diaryles éthers, N-arylpyridones et des ~­
aryloxyamines. Les réactifs de bismuth, en raison de leur faible réactivité relative, ont 
permis d'élaborer des réactions simples d'application, utilisant des réactifs 
commerciaux abordables et tolérant une exceptionnelle diversité de groupements 
fonctionnels , que ce soit sur l'organométallique lui-même ou sur le substrat. Tous ces 
travaux mettent en lumière l'importance des organobismuthanes en chimie organique 
et leur exceptionnelle utilité dans les réactions de couplage au palladium ou au cuivre. 
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Abstract - An efficient method for the cross-coupling reaction of primat)' 
trialkybismuth reagenL~ with 2-haloazines and diazines is reportee! . The reaction 
functions with pyridines , pyrimidines , pyridazines and pyrazines and tolerates 
many functional groups. This method gives access to 2-alkylaz ines and diazines , 
a class of compounds which is important in medicinal chemistry. 
1615 
Azines and diazines are ubiquitmts in pharmaceutical industry as they can show a wide diversity of 
biological activities .1 The introduction of an alkyl group alpha to the nitrogen of an azine or a diazine 
aJlows to screcn the bind ing cnvironment suuounding a bioactive compound~ and to modulate its 
biophysical propert ies such as its lipophilici ty, basicity , and permeability .3 Therefore, the development 
of efficien t and general methods that allow the preparation of 2-alkylazines and diazines is hi&hly 
important for organic and medicinal chemistry . The cross-coupling of sp> alkylmetal species~ with 
azines and diazines bearing an halogen at the 2-posirion is an attractive approach to access the 
correspondi ng 2-alkyl heterocyclic derivatives . However, this type of coupling is notoriously difficult 
and only isolated examples involving organoboronic acids,5 organozincs,6 organomagncsium 7 and 
organotinK rcagents have bcen reported. ln addition, some of these methods uffer from scope limitation 
and poor functional group tolerance, or nccessitate strict anhydrous conditions or complex and costly 
catalysts to prevent the undesired ~-hydride elimination pathway. To the be. t of our knowledge, there is 
currently no comprehensi ve report on the cross-coupling reacti.on of alkylmetals wi th 2-ha lo pyridincs , 
pyrimidines, pyridazines and pyrazines . Consequently. there is a weil justified need to develop a general 
procedure to accomplish this transformation. 
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Our group has reported over the past years a portfolio of reactions for the formation of C-C,9 C- 0,'0 and 
C-N" bonds involving organobismuth reagents . Organobismuthanes have found increasing use in bond 
formation due to their unique properties and reactivity. '2 These reagents, which can be easily prepared 
from inexpensive and non toxic bismutl1 salts, are very tolerant to a wide diversity of functional groups 
and rhus represent highly attractive species for methodology development. 
We recently reponed the cross-coupling of trialkylbismuth reagents with ruy! and heteroaryl halides and 
pseudo halides 13 and demonstrated thar triphenethylbismuthine reacts smoothly with 
2-chloro-3-cyanopyridine 1 to furnish the corresponding coupling product 2 in good yi cid (Scheme J ). 
Interestingly, and contrary to cross-coupling reactions with other alkymetal species, no product coming 
from the ~-hydride elimination pathway could be detected under these conditions. We would like to 
report herein the full scope of the cross-coupling reaction of u·ialkylbismuthines with 2-halo- and 2-triflyl-
azines and diazines 3 , a process which leads to medicinally relevant 2-al.kylazines and diazines 4 (Scheme 
1 ). 
r(YCN 
~ .. A N Cl 
FG-& 
N X 
3 
X = Cl, Br, OTt 
(PhCH2CH2)3Bi 
Pd(o) • 
previous work 
Pd(O) 
this work 
FG-& 
N R 
4 
R = primary 
alkyl group 
• One example only 
• Pyridine only 
• Chloride only 
• Functional group 
tolerance not demonstrated 
• 11 examples. up to 86% yield 
• Pyridines, pyridazines, 
pyrimidines, pyrazines 
• Chlorides, bromides, triflates 
• Good funotional group 
tolerance 
Scheme 1. Synthesi of 2-alkylazines and diazines by cross-coupling reaction involving 
trialkylbismuthines (FG = Functional Group) 
Wc began by optimizing the reaction conditions for the cross-coupling reaction betwecn 
tri-n-butylbi muthinc and 2-chloro-6-methylpyridine 5 (Table 1). Tri-n-butylbismuthine was prcpared 
in situ by the addition of n-butyhnagnesium bromide over bismuth chloride i.n THF and was not isolatcd 
(sec experimental section) . The reaction mixture was diluted with DMF to quench any exce s Grignard 
rcagent rcmaining and the trialkylbismuth reagent rhus fonned was uscd dircctly in the cross-coupling 
reaction . This one-pot protocol avoids any cumbersome isolation of the air ensitive trialkylbismuthine. 
Using conditions that we previously rcported ,' 3 we obtained the desired product 6 in 32% yield (entry J ). 
Changing the catalyst for systems that are more suited for cross-coupling reactions with aryl chorides 
proved inefficient in our hands (entry 2 and 3) . Replacing tJ1e base by potassium phosphate proved to be 
66 
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inconsequential (entry 4) and to our surprise , the reaction proceedcd even in the absence of base (entry 5). 
While these results suggest that the cholce of the base is irrelevant, we found that the yield could be 
substaJJtially improved upon usi ng cesium carbonate as the base instead of potassium carbonate (entry 6). 
The yield was further ameliorated by using 1.5 or 2 .0 equivalents of tributylbismuth (entry 7 and 8). 
Performing the reaction with 1.1 or 1 .5 equivalent of tributylbismuth at 130 ·c in the presence of cesium 
carbonate provided the best yields of rhe coupling product (entries 9 and 10) . 
Table 1. Optimization of reaction conditions for the cross-coupl ing of tri-n-butylbismuthine with 
2-chloro-6-methylpyridine 5 
n 
n-Bu3Bi (n eq.) ~ catalyst (5 mol%) base (2 eq.) Me N" Cl DMF (0.1M), T, overnight Me N 
5 6 
Entry n-Bu3Bi Catalyst Base T Yield" 
(n equiv) CC) (%) 
1.1 Pd(PPh3) 4 K,CO, llO 32 
2 1.1 Pd(Pt-Bu;)2 K~CO, llO 6 
3 1.1 PEPPSI-I.Pr K,C03 110 () 
4 l.l Pd(PPh3) , K3PO, llO 30 
5 1.1 Pd(PPh3), N.A. 110 34 
6 1.1 Pd(PPh3) 4 Cs2COl llO 54 
7 1.5 Pd(PPh3) , Cs2C03 llO 65 
8 2.0 Pd(PPh3) , Cs,C03 110 69 
9 1.1 Pd(PPh,). Cs~C01 130 70 
10 1.5 Pd(PPh3) 4 Cs,C0 3 130 66 
" Isolated yield of pure compound 6. 
Us ing our optimized condi.tions, we next investigated the scope of the reaction by coupling different 
t.rialkylbismuthines with 2~halo- and 2-tritlylazi nes and diazines bearing a wide range of functional 
groups (Table 2). ln order to obtain optimal yields. we elected to pe1form the reaction using 1.5 
equivalents of the organobism uth rcagent. Firstly , the results demon strate th at the reaction fu nctions 
efficiently with pyrazines (entry 1-3. 10), pyrimidines (cntry 4 and 5) , pyridazines (entry 6) and pyridines 
(entry 7-9). Secondly , the reaction furnishes the coupling product in simi lar yield upon using the 
chlore or bromo electrophile, but leads to modest yields when a 2-triflyl substrate is used (entry 8) . The 
study indicates thal functional groups such as ketones (ent.ry 7), nitri les (entry 9). and amines (entry 10) 
are well toleratcd . These groups can be used for further functionalization of the product, a feature which 
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is important for applications in medicinal chemistry . Enolizable groups that would normally not be 
tolerated with Grignard reagents, such as a methyl ketone (entry 7) , are unaffected in the course of the 
reaction. Attempt at performing the reaction directly with Grignard species under iron catalysis led to 
the product of addition on 1he ketone in low yield . White the reaction fu nctions with most primary 
linear alkyl groups , we fou nd that cyclopropyl was the only econdary alkyl group capable of undergoing 
cross-coupling under these conditions (entry 2). Aryl and heteroaryl cyclopropanes are very useful in 
medicinal chemistry since the cyclopropyl group usually shows higher metabolic stability than acyclic 
alkyl groups in the presence of cytochromes P450 .14 
Table 2. Cross-coupling of trialkylbismuthines with 2-halo- and 2-triflylazines and diazines 
& conditionsa FG-& FG- N X N R 
3 4 
Entry Electrophile Product Yield• 
(%) 
ŒN ŒNl .... N.:LCI 86 N Me 
3a 4a 
ŒN a:~ "" 2 N.:LCI 70 
3a 4b 
ŒNl Œ"~ N....: Cl 3 N l":: 85 
3a ,0 
4c 
eN c~ N-:::-l_CI 4 N 1 """'= 68 
3d .--;;:. 
4d 
5 
L N N-:::-l_CI LN N~ 65 
3e 4e 
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6 Ou ~ 46 ~ ~ N Cl N 
3f 4f 
yCl Pv 48 7 Br 0 ~ ~ 
3g 4g 
8 n N..-: OTt ~ 24 
3h 4h 
NCÜ NC Q 
9 1 ..-: 1 /. 45 N Cl N 
3i 4i 
N N 
10 ' NJ[Nl CI 'NJ[N~ 71 
1 1 
3j 4j 
" R3Bi (1.5 equiv) , Pd(PPh3)J (0.05 equiv) , Cs1C03 2 equ iv) , DMF, 130 ' C , overnight 6 lsolated yicld of 
pure compounds . 
ln summary , we have developed a general procedure for the cross-coupling of trialkylbismuth reagents 
with 2-halo- and 2-triflylazines and diazines. The method operates under simple condi tions using a 
simple catalyst. The procedure tolerates many functional groups and the compounds that are generated 
are h.ighly valuable in medicinal chemistry . Stud ies aimed at transferri ng other substituted and 
functionalized alkyl groups are in progress in our laboratories and resul ts will be reported in due course. 
EXPERIMENTAL 
Ail reactions were run under argon atmosphere in non tlame dricd gia sware. Unie s otherwise stated, 
commercial rcagents were used without furthcr purification . Grignard reagents were purchased f rom 
Aldrich or prcpared using conventional methods wit h mctallic magnesium and were titrated prior use. 1 ~ 
Anhydrous bismuth chloride 99.999% was purchased from Strem Chemicals. Anhydrous solvcnts were 
obtained using a MBRAUN (mode! MB-SPS 800) encapsulated solvent purifica tion system. The 
evolution of reactions was monitored by analytical thin-layer chromatography using si lica gel 60 F254 
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precoated plate. . Flash chromatography was performed employing 230-400 mesh silica (Silicycle) 
using the indicated solvent system according to standard techniques. 16 Nuclear magnetic resonance 
spectra ('H , '1C) were recorded on a Bruker Avance-lU 300MHz spectrometer. Chemical shifts for 
'H-NMR spectra are recorded in parts per million from tetramethylsilane with the solvent resonance as 
the interna! standard (chloroform, ô 7.27 ppm, DMSO ô 2.54 ppm). Data are reported as follows: 
chemical shift, multiplicity (s = single! , d =doublet, t = triplet, q = quartet , rn = multiplet) , coupling 
constant Jin Hz ru1d integration. Chemica1 shifts for 13C spectra are recorded in parts per million from 
tetramcthylsilane using the central peak of deuterochlorofom1 (77 .00 ppm) as the internai standard . Ali 
13C spectra were obtained with complete proton decoupling. IR spectra were recorded on a Them1o 
Scientific Nicol et 6700 PT ~IR from thin films and are reported in reciprocal centîmeters (cm·') . 
General procedure for the cross-coupling reaction of trialkylbismuthines with 2-halo and 
2-triflylazines and diazines 
In a round-bott.om flask equiped with a condenser and sparged with argon BiCh (144 mg, 0.46 mmol) 
was suspended in anhydrous THF (2.3 mL) and cooled to 0 °C. The organomagnesium reagcnt {1.37 
mmol, THF solution) was slowly added dropwise, and the solution was stirred at 0 oc for 5 min, warrned 
to rt and then heated at 65 °C for 30 min to assure complete addition of ali three alkyl groups on the 
bismuth center. The reaction mixture was cool cd to rt and diluted with anhydrous DMF ( 1 mL). A 
DMF solution of the heteroaryl hal ide (0.31 mmol in J mL) was then added, followed by Cs2C03 (0.6 
mmol) and Pd(PPh3) 4 (18 mg, 0.015 mmol). The solution was degassed by bubbling argon during 15 
min and then stirred at 1 JO oc for 18 h. T11e reaction mixture was cooled to rt, diluted with sat. aq. 
NaHC03 (10 mL) and exlractcd with EtOAc (2 x 10 mL). The combincd organic phases were washcd 
with b1ine (3 x 10 mL), dtied over Na2S04, fi1tered , and concentrated under reduced pressure. The 
residue was purified by flash chromatography using the indicated solvent system to afford the desired 
product. When necessary, the compound was further puritied by preparative thin layer chromatography 
using the same solvent system. The a1cohol derived from the ox.idation of the lTialkylbismuth is 
sometimes observed as a side product. 
2-n-Butyl-6-mct'hylpyridine (6) 
The general procedure was followed on a 0.39 mmol scale starting from 2-chloro-6-methylpyridine S. 
The crude material was purified on silica gel (20% EtOAc/hexanes) to afford 6 as a colorless oi l (38 mg, 
66%). Spectral data was identical to literature compound.11 1H-NMR (300 MHz. CDCh) o 7.44 (t, J = 
6.2 Hz, lH), 6.92 d J = 8.8 Hz, 2H), 2.73 (t, J = 9.1 Hz, 2H), 2.50 (s, 31-1), 1.69- 1.63 (m, 2H) 1.40-1 .33 
(rn, 2H), 0.91 (t, J = 9.2 Hz, 3H). 
2-Methylquinoxaline (4a) 
The general procedure was followed on a 0.31 mmol scale starting from 2-chloroquinoxaline 3a. The 
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crude material was purified on silica gel (40% EtOAc/hexanes) to afford 4a as a colorless oil (38 mg, 
86%). Spectral data was identical to literature compound. 18 1H-NMR (300 MHz, CDCh) o 8.72. (s, 
1H), 8.07-7 .98 (m, 2H), 7.75-7.65 (m, 2H), 2.76 (s, 3H). 
2-Cyclopropylquinoxaline (4b) 
The general procedure was fo!Jowed on a 0.31 mmol scale starting from 2-cbloroquinoxaline 3a. The 
cru de material was puri fied on silica gel ( 15% EtOAc/hexanes) to afford 4b as a colorlcss oit (36 mg, 
70%). Spectral data was identical to literature cornpound.19 'H-NMR (300 MHz, CDCI3) o 8.71 (s, 
1 H), 8.03 (dd, J = 8.3, 1.2 Hz, 1 H), 7.92 (dd, J = 8.3, 1.2 Hz IH), 7.70-7.58 (m, 2H), 2.29-2.21 (m, l H), 
1.26-1.23 (m, 2H), l.l8-1.13 (rn, 2H). 
2-Phenethylquinoxaline (4c) 
The general procedure was followed on a 0.31 mmol scale starting from 2-chloroquinoxaline 3a. The 
crude material was purified on silica gel ( 15% EtOAc/hexanes) to afford 4c as a colorless oil (60 mg, 
85%). Spectral data was identical to literature compound.20 1H-NMR (300 MHz, CDC13) o 8.69 (s, 
lH), 8.13 (dd J = 8.0, 2.0 Hz 2H), 7.83-7.73 (m, 2H), 7.35-7.26 (m, 5H), 3.42-3.37 (rn, 2H), 3.27-3.22 
(m, 2H). 
2-Phenethylpyrimidine (4d) 
The general procedure was followed on a 0.44 mmol scale starting from 2-chloropyrirnidine 3d. The 
crude material was purificd on silica gel (30% EtOAclhexanes) to afford 4d as a colorlcss oil (54 mg, 
68%). Spectral data was identical to litera ture compound.20 1H- MR (300 MHz, CDCI,) 8 8.73 (d, J = 
6.3 Hz, 2H) 7.35-7.22 (m, 5H), 7.13 (t, J = 8.9 Hz, 1H), 3.36-3.29 (m 2H), 3.24-3.18 (m, 2H). 
5-Ethyl-2-n-propylpyrimidinc (4c) 
The general proccdllJ'e was followcd on a 0.35 mmol scale sta1ting from 2-chloro-5-ethylpyrimidine 3c. 
The crude matcrial was puritied on si !ica gel (20% EtOAc!hexanes) to afford 4c as a colorless oil (28 mg, 
53%): R/0.30 (25% EtOAc/hexanes); 1H NMR (300 MHz, CDCh) 8 8.46 (s, 2H), 2.88 (t, J = 8.1 Hz, 2H), 
2.60 (q, J = 8.2 Hz, 2H), 1.85-1.77 (m, 2H), 1.24 (t, J = 7.9 Hz, 3H), 0.96 (t, J = 8.2 Hz, 3H); 13C-NMR 
(75 MHz, CDCh) li 168.9, 156.4, 133.2, 41.0, 23 .3, 22.1, 15.0, 13.9; IR (neat) 3431 , 2960, 2926, 1713, 
1633, 1466. 
3-11-Butyl-6-phcnylpyridazine (4t) 
The general procedure was followed on a 0.26 mmol scale starting from 3-chloro-6-phenylpyridazine 3f. 
The crude material was puri fied on silica gel (15% EtOAc/hcxanes) to afford 4f as a colorlcss oil (24 mg, 
46%). Spectral data was identical to literature compound? ' 1H-NMR (300 MHz, CDCI3) 8 8.05 (dd, J 
= 8.2, 1.9 Hz, 2H), 7.75 (d J = 8.8 Hz 1 H), 7.49-7.46 (m 31-1) 7.35 (d, J = 8.8 Hz, lH), 3.01 (t, J = 7.7 
Hz, 2H), 1.82-1.74 (m, 2H), 1.46-1.39 (rn, 2H), 0.96 (t, J = 7.3 Hz, 31-l). 
2-Acetyl-6-phenethy1pyridine (4g) 
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The general procedure was followed on a 0.25 mmol scale starting from 2-acetyl-6-bromopyridine 3g. 
The crude ma teri al was puri fied on si lica gel ( 15% EtOAc/hexanes) to afford 4g as a colorless oil (27 mg, 
48%): R/0.56 (20% EtOAc!hexanes); 1H-NMR (300 MHz, CDCh) 8 7.9 1 (dd, J = 7.9, 0.7 Hz, 1 H), 7.73 
(t, J = 7.7 Hz, IH), 7.35-7.23 (rn, 6H), 3.24-3.15 (rn, 4H), 2.78 (s, 3H); 13C-NMR (75 MHz, CDCl3) o 
200.8, 160.7, 153.3, 141.4, 136.9, 128.5, 128.4, 126.4, 126.1, 119.0, 39.6, 35.4, 25 .8; IR (neat) 3027, 
2920, 1697, 1586, 1453, 1355. 
2-Ethyl-5-methylpyridine (4h) 
The general procedure was followed on a 0.21 nunol scale starting from 2-tri flyl-5-metllylpyridine 3h. 
The crude material was purified on silica gel (20% EtOAc!hexanes) to afford 4h as a co1orless oil (6 mg, 
24%). Spectra l data was idcntical to literature compound.22 1H-NM R (300 MHz, CDCb) o 8.34 (d, J = 
1.5 Hz, IH), 7.4 1 (dd, J = 7.8 1.9 Hz, IH), 7.06 (d, .I= 7.9 Hz, 1 H), 2.79 (q, ./ = 7.3 Hz, 2H), 2.29 (s, JH), 
1.28 (t, J = 7.6 Hz 3H). 
6-Ethyl-3-cyanopyridine (4i) 
The general procedure was fo llowed on a 0.36 mmol scale starting from 6-ch1oro-3-pyridinecarbonitrilc 
3i. The crude material was purified on silica ge l (20% EtOAclhexanes) to afford 4i as a colorless oil (17 
mg, 40%). Spectral data was identical to litcrarure compound. 1H-NMR (300 MHz, CDCh ) o 8.73 (d, 
J = 1.6 Hz, 1 H), 7.80 (dd, J = 8.1 , 2 .2 Hz, 1 H) 7.2 1 (d, J = 8.2 Hz, 1 H), 2.83 (q, J = 7.6 Hz, 2H), 1.26 (t, 
J = 7.6 Hz, 3H); 13C-NMR (75 MHz, CDCb) 168.1 , 152.1 139.4, 122.2, 117.0, 107.2, 31.8, 13.3; fR 
(neat) 3432, 2972, 2933, 2232, 1594, 1484. 
2-Ethyl-6-dimethylaminepyrazine (4j) 
The general procedure was followed on a 0.32 mmol scale staning from 2-chloro-6-dimethylami ne 
pyridine 3j. The crude material was purified on silica gel (35% EtOAc!hexanes) to afford 4j as a 
colorless oil (34 mg 71 %): R/0.36 (20% EtOAc!hexanes)· 1H-NMR (300 MHz, CDCb) o 7.80 (s, IH), 
7.65 (s, IH), 3.08 (s, 6H), 2.62 (q, J = 7.6 Hz, 2H), 1.25 (t, J = 7.6 Hz, 3H); 13C-NMR (75 MHz, CDC13) 
ô 155.6, 154.5, 130.0, 126.7, 37.4, 28.5, 13.3; IR (neat) 2967,2933 1575, 1529, 1423, 1194. 
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PaUadium-Catalyzed Cross-Coupling Reaction of Functionalized Aryl- and 
Heteroarylbismuthanes with 2-Halo(or 2-Triflyl)azines and -diazines 
Pauline Petiotla l and Alexandre Gagnon*lal 
Ke)~vords: Bismuth 1 Cross-coupling 1 itrogen hetcrocycles 1 Palladium 1 Azincs 
The palladium -cat<ù.yze d cross-coupling of highly function-
alized organohismuthanes with 2-halo(or 2-triflyl)pyridine.•. 
-pyrimidines, -pyrazines, and -pyridazines is reported. The 
reaction tolerates numerous functional groups. including al-
Introduction 
Azincs and diazines are ubiquite us in pharmaceu.rical in-
dustry. Compounds that incorpomte these he terocycles 
have bcen found to possess a nt imicrobial, antivir-d! , a ntioxi -
dant. antitumo ral, and-innammatory. a nd othcr activities.LII 
Azines and diazines have also been used in the prepamtion 
of materials that show in teresti ng e lectrical and opt ica l 
propenies.l11 onsequently. access to efficient and geneml 
methods that all ow their prepamtion is o f utmost impor-
tancePl To be applicable to the context o f dru g discovery, 
these methods sho uld tolerate the presence of functio nal 
groups thut C'd n serve as handles fo r funher tmnsformation 
of the mo lec ule.IJI ldeally, the protocol shou ld also involve 
rcagcnts that c;m be easily manipulated and should operdte 
under simple co ndit io ns that can be amenablc to pantllel 
chemistry.l51 
The metal-catalyzed cross-coupling reactio n between ha-
logcnutcd elcctrophiles and orga nometallic reagents hus 
evolved into a n ex tremely powerful approach for the instal-
latio n of a romatic and hcteroaromatic un its onto a variety 
of scafTo lds.l61 TI1e cross-coupling of aryl- a nd heteroaryl-
metal compou nds with 2-halo(or 2-tritlyl)azines and -diaz-
ines co nstitutes an attntctive approach to access the corrc-
sponding 2-arylheterocyciL'S. A few exa mples o f cross-co u-
pling reactio ns betwcen o rganometallic reagents an d 2-
haloaz.ines and -diazines have been reported .f1·81 However, 
many of lhese methods show modest substrute scope and 
req uirc air- and moisture-sensitive rcagents or complex C'dt-
alysts. More importantly. limited functio na l gro up tolcm nce 
is often observed, particularly in the case of reactive 
la] Dépancmcm de Chimie 
Uni\'cn;ilé du Québec à Montréal 
C.P. 8888 , Suce. Cent re-Ville, Momréal, Québt.'C I·UC 3P8. 
Canada 
E-mail: ~agnon . alcxandrc@uqam .ca 
,1;;1 Supporung inlo rmntion îor this article is available on the 
WWW undcr http://dx.doi.org/10.1002/ejoc.201300850. 
dehydes. The synthesi• of a shelf-stable (forrnylphe.nyl)bis -
muth reagent and ils use in a cross- coupling reaction is also 
described. 
o rganometa llic spccies such as organomagnesium rea-
gents.l91 Although organostannanes are more tolerant to 
acidic and elcctrophilic groups..f 101 their high ioxicity com-
bined with the filet that o nly one aryl group is usua lly tr-dns-
ferred make them considerably Jess attractive. Coupling of 
2-ha loazi nes and -diazines with organozinc reage nts o ffers 
a great. solution to issues of functiona l group tolerdnœ.l 111 
However. these species must im pemtively be manipulated 
under inen and anhydrous conditions. which comp licates 
their use in pu ralle! chemistry. To the best o f o ur knowl-
edge. t he most general methods for the t ransfer of aryl and 
heteroaryl units onto azines a nd diazines are those o f Kn o-
cheJII 2.131 a nd Quéguine r.P•l However, as these procedures 
involve organomagnesium reage nt s, sensitive groups such as 
aldehydes and ketone.~ cann e t be present o n either coupling 
pa nner. 
Organo bismutha nes have fo und increasing use in bo nd 
fommtion owing to their unique propcrties and reac-
tivity.lt 51 Thcse o rganometallic reagents c.a n be easily pre-
pared,ll61 chromatogmphed, a nd stored in ai r at room tem-
pemture. ln ad dition, their low toxidty makes them ex-
tremely attractive species for methodology develo pment. 
The low polarity of the C-Bi bond provides a moderate 
rcuctivity for thi s class of reagents, which thus a llo"~ the 
presence of numerou.~ reactive or acid ic functional groups 
on the elcctrophilic pa rtner. Cross-coupling reacti ons in-
volvi ng triphenylbismuth was firs t reported by Barton ct a l. 
in 1988.1171 RL'Cen tly. the groups of Rao,J!81 Tanaka.1 191 a nd 
others1101 have ext.ended the scope o f this reaction to include 
ot her organobismuthanes. Howcver. to the best of ou r 
knowledge. the full potential o f organobismutha nes in the 
tra nsfer of high ly functio nalized groups onto 2-halo(or 2-
triOyl)azines and -diazines has never been derno nstrated. 
Wc repo tted over the past years applicatio ns of tri-
valemP t.UI and pentavalent organ o bismuthanesl231 for the 
fon11atio n o f C- C and C- N bond s. Recently. we disclosed 
the fïrst pa lladium-mediated cross-coupling reaction of tri-
Wl l.EY lfiÎ 
ONLJNE UBRARV 5282 2013 Wik-y- VÇU Verlag GmbH & Co. KG> A. \\Cinh<im J:ur. J. 0')? Çhm1. 2013. 5282--!'289 
Cross-Co up ling o f Functional iz.ed Ary l- and Hcteroarylbismuthancs 
<ilkylbismuth reagents with a var iety of scaiTolds possessing 
reactive functional gro ups. including one example invo lving 
a 2-chloropyridine.124l We report herein o ur s tudy on the 
cross-coupling reaction of 2-halo(or 2- triflyl)pyridincs. 
-pyrazines, -pyrimidi nes, a nd -pyridazines with function-
alized aryl- and heteroarylbismuthanes. 
To have high value. we aimed fo r a protocol th at would 
involve a simple mtalyst, shelf-stable o rgan ometallic species 
and thal wou ld permit the cross-coupling betwecn two units 
that bot h possess sensitive functio naJ gro ups. Funclion-
a lized organometrùlics are extremely va luable species in or-
ganic synthesis.f25l However, one of the major issue consists 
in de.~igning an organometallic rcagent thal "~Il selectively 
react at the desired position of the heterocycle with o ut at-
tacking the functional gro ups present o n the electrophile or 
o n the organometa llic species (Scheme 1). Wc report hercin 
our rcsults o n the prepamtion of o rga nobismuthanes rhat 
beur functionalized groups, that are shelf-stable a nd thal 
can be used in palladium-catalyzed C-C bond-forming re-
actions. 
cross-
~ c:oup/lng @lt_ ,.J..~~-@3 
\ 'N~~X M/~ 
2 
additi()() on functionaJ group desir*<~ 
Schemc 1. Chcmoselccti\ity of u cross-coupling reaction bctwccn 
functionalized orga nometo111ic spt..'Cics and 2-halopyridint.:os. FG. 
FG' = functional gro up; M = mctul; X = halidc or pscudohalidc. 
Rcsults and Discussion 
Before exploring functiomtl group co mpatibil ity. we be-
ga n by optimizing the reactio n co nditi ons for the coupling 
of t.riphenylbismuth (0.4 equiv.) with ch lorodiazi ne 4. Using 
conditions that we prcviously reponed for the coupling of 
Table 1. Optimiz.ation of the reaction condit ion~ 
97 
Eutj,Qç_ 
o{O.,.tW O>t.-.y 
uicyclopropylbismuthl1 11 and other trialkylbismuthanes.PAI 
wc o btaincd 65 % yicld of dcsircd product 6 (Table 1, En-
lry 1). 
To assure th at a li threc aryl g.-oups werc ciTectivcly trans-
fcrrcd , we verified !hat the yield of product 6 was the sa me 
upon using 0.7 and 1.1 equiv. of triphcnylbismut h (Table 1. 
F..ntries 2 and 3). The fact that simi lar yields were obtained 
demonstmte that ali thrce phenyl groups werc indecd tmns-
ferred d uring the process. This well -establishcd characteris-
tic of triarylbismut h reagents makes them mo re a.tom-eco-
nomic-.:~1 than other rcagcnts s uch as aryltrialkyltin species. 
Performing the reaction at higher temperatures under ther-
mal (Table 1, Entry 4) or microw·&ve conditions (Table 1, 
Entry 5) did no t lead to any imp.-ovement in the yield of 
the reaction. Do ubling the catalyst loading (Table 1, En-
try 6) or changing the ys tcm to favor oxidative addition 
in C...Cl bonds (Table 1, Entry 7: Cy = cyclohexyl) gave a 
performance similar to th at of the standard co nd itio ns. Sur-
prisingly, attempts at using Buchwald phosphanes did no t 
provide any i.mprovemcnt in the yield of the reaction.Ll61 
Although changing the solvent to N-methylpyrrolido ne 
(NMP) or tol uene gave a lower yield of the coupling prod-
uct (J"able 1. En tries 8 and 9). we fou nd that the use of a 
4:1 mixture of DMF/hexamethylphosphoramide (H IPA) 
gave a noticeable improvement in the efficiency of the reac-
tion (Table 1, Entry 10). To evaluate the importance of the 
base. wc then conducted a reactio n without cesium carbon-
ate und o bt uined the desired product in 42 % yield (fable 1. 
Emry 11): this suggests thal- although the base is not cs-
sential - it is still required to achieve optimal yields. The 
res ult s of the optimizatio n of the reaction conditions dem-
onst rate that the cross-coupling transformation ca n be ac-
complished by using very simple conditio ns and requires 
only approximately one third of an equivalent of the triUJ·yl-
bismuth reagent. 
We next studied t he subslrate scope by using pyntzines 
7. pyrimidines 8. pyridines 9, and pyridazines 10 (Table 2). 
Ph3BI (S. 0.4 equiv.) 
Entry 
~ Pd(PPn3).. (5mol-%) '9u 
N.-.. NÂ. ~· -- " ~ C.:zC03 (2.0 equlv.) ' 
~ DMF(0.1"M), 130 •c 6 
overnight 
~standard COf)(fitfOtts" 
Change from ·•stundard conditions .. 
no change 
O. 7 c-quiv. Ph3lli instcad of 0.4 C'qUiv. 
1.1 cquiv. Ph_.Di instcad of 0.4 cquiv. 
!50 •c instead of 130 •c 
170 •c (microwavc) in stcad (>f l.lO •c 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Il 
10 mol-% Pd (PPh3)4 instead of 5 mol-% 
Pd(OAc)l (5 moi-%)/PCy3 (10 ffi(>l-%) instead of Pd(PPh3). 
[al Yield of isola red pure product 6. 
f:ur. J. Or11 ÜWI>L 2013, 52$2- 5289 
NM P instc-dd of DM F 
to lucne instcad of D M P 
DMFIHMPA (4:1) ins tead ofDMF 
no buse 
10 2013 Wilcy-VC H Verin~ Gmbll & Co. KO:u\ . WL-inh <"im 
lsolatcd yicld [%[1•1 
65 
62 
60 
50 
36 
60 
50 
10 
50 
72 
42 
w\\>w.eurjoc.org 5283 
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To compare the relative rcactiviry of these four classes of 
electrophiles, we perfom1ed a li cross-coupling reactions by 
using triphcnylbismurh under the optimal condiûo ns fou nd 
in Table 1 (Entry 1, 2. or 10). We fo und that pyrazines 
srnoo thly underwcnt the cross-coupling reaction with Ph313i 
to provide the dcsired products in good to excellent yields 
Table 2. Coupling of triphenylbismuth with halo{ or tri0y l)a7j nes and -diazincs. 
FG r.'N"'J FG .,...,.N FG r.N~ F~....ê"N ~.,!...or ~-À ~~ ... ~-(:'a 
N X N X Pll,BI N l N 1"' 
7 8 ___.. 11 t2 A 
or or cooditk:ns or or 
FG~ or FG-0 FG-%"' or FG-?v" "' 
I(N,J..X N.N.,,...X I!..N" "" N.N" 1 
• 10 13 1 ,. ""' 
x •Cl. Br. on 
EntryConditionsl•l Electrophilc l'roduct Yield[%]1'~ EntryConditionsl•l Electrophile 
A 
A 
3 A 
4 B 
5 
6 A 
8 A 
9 c 
((la 
7a 
N Cl N Cl 
7b 
7c 
(J(l.~ 
"-- N li) 
Il a 
(~-N 1 -., 
""' 
.lib (Xc:_ 
"'D 
lla 
Nu 
13a 
Vu 
13b 
EtO (l EtO. v ~ 
1(Y' Br ! N-u 
9c t3c 
90 
81 
62 
72 
62 
65 
90 
50 
76 
Il 
12 B 
13 B 
14 B 
15 B 
16 A 
17 A 
18 A 
0 
H~ t..NJl.CI 
9g 
n F3C ~N Cl 
9h 
'Y) ~)l..OTf 
9i F.cu ~ 1 
N on 
9j 
O,NY';, 
~.À. N Br 
9k 
~ N a 
91 
9m 
13• 
1.3h 
Vu 
13b F3c'Ou ~ 1 
N 1 "'> 
"" 
131 O,N'Ou ~ 1 
N 1 -., 
""' 13k 
NCÙ.~ 
wu 
131 
~ 
13m gO~~ 
9d l3d 
oct 0 cCOMe 19 A 
()- "'! ~ ~)._c1 "' 
JO A 
N Br 
9• )Je 
50 IOa 
14a 
Yield [%Jfl>l 
42 
80 
85 
66 
80 
45 
62 
JO 
90 
Ja] Ç()nditions A: Ph3Bi (0.4equiv.), Pd (PPh3}. (5 mol-%). Çs,('03 (2cquiv.), DM E 1 JO •ç, ovcmight. Ct)nd itions B: Ph_, Bi (0.7 equiv.). 
Pdt PPh,), (5 mol-%). Cs,C01 (2 cquiv.). DMF. 130 •c, 011ernight. Cond itions C: Ph, Bi (0.4 cquiv.). Pd(PPh3). (5 mol-%) Cs2C01 
(2 equiv.), DM F/ HMPA (4 :1). 130 •c. ovemight. [b] Yidd of isolatcd pure product. Jcl JO mol-% of Pd(PPh3)4 in stcad of 5 mol-%. 
52114 www.eurjoc.org 0 201} Wilcy-VC H Vcrlag Gmbfl & ç,. KGaA, Weinheim E.ur. J. Ory; C/uvn. 2013. 5182-5289 
Cross-Coupling of Fun~1ion alizcd Aryl- and Hci.CrtYM)'Ibismulhunt"S 
(Table 2, Entries 1-4). Electron-wit hdrawing and electron-
donating groups had little impact o n the ourco me of the 
react ion (Table 2, Ent ry 3 vs. 4). Wc next rurned o ur atten-
tion to pyrimidines and obtained a good yield of the desired 
product upon coupli ng t riphenylbismuth with 2-chloro-5-
ethylpyrimidine (Sa; Table 2. Entry 5). We demonstrated 
previo usly tha r 2-chloropyridincs a rc very competent clec-
trophiles in cross-co u pli ng reactio ns wit h trialkylbism urh 
reagents.P41 Wc wanted ro exrcnd the scope of the reaction 
to include bromo and triflyl derivatives. Our results show 
that 2-bmmopyridines are genera lly mo re reactive than the 
2-ch loro analogues (e.g., 9b vs. 9a , 9e vs. 9f). which is con-
sistent with a palladium-mediarcd pathway th at involvcs 
oxidative addition in the C-X bond . . ln fact. 2- fluoropyr-
idines failed to react under our condi tio ns. Gratifyingly, 2-
triflyl derivatives were found to have si milar reactivi ty to 
the chloro amùogues (e.g. , 9i vs. 9a). T hesc substmtes ca n 
be easily accessed from the corresponding 2-hydrox ypyr-
idines. Finally, we pcrformcd the coupling reaction on 2-
chloropyrid azine (JOa) a nd obtai ned desired product 14a in 
excellent yield (Tab le 2. Enrry 19). 
T hese resu lts show ihat a great diversity of functional 
gro ups are to lerated in this reaction, incl ud ing amines 
( fable 2, Ent ry4). esters (Table 2. Entries • 10. and Il ) . a l-
dehydes (Table 2. Entry 12), nitro groups (Table 2, En-
try 16), nitriles (Table 2, Entries 3 and 17), a nd ui flu oro-
methyl gro ups (Table 2. Entries 13 a nd 15). Eve n acidic a nd 
enol izable gro ups such as methyl ketones (Table 2, Entry 9) 
and alcoho ls (Table 2, Entry 1 8) a re t olenrted in this reac-
tion. This is in sharp co nrrast to co upling reactions invo lv-
ing organomagnesium reagents in wh ich these types o f 
groups are generally incompatible with the very react ive na-
ture o f thesc organometallic species. 
We next studied the regioselectivity of the cross-cou pling 
reaction involving 2.4-dichloro-5-methylpyrimidine (15. 
Scheme 2). Upon using 0.4 eq uiv. of triphenylbismurh, a 
mixture of mono- and diphenyl products 16 and 17 Wlts 
obtained in mo des! yicld. and there V/li S a slight preference 
tor the compound resulting fro m the coupling a t the -!-posi-
tio n (as indicatcd by NOE experiments). Fonunntely. the 
yield of monophenyl compound 16 cou ld be considerably 
amclioruted. witho ut increasing the mnoun t of diphcnyl 
product 17. by using 0.7 eq uiv. o f triphcnylbismuth. 
Pd(PP~,l. (5 mol·%) 
Co,CO, (2 oquN,) 
OMF, 130•c 
~hl 
""'Bi (O.• equlv.): 
Pr>,BI (0,7 equlv.): 
27 .,., 
65% 
17% 
15% 
Schemc 2. Rt-gioselectivity of cross-ooupling bc1wœn triphcnylbL~­
mulh and 2.4-dic hloro-5- mcthylpyrimidinc ( 15). 
To explore the full poientitù of organobismuthunes in the 
tra nsfc r o f highly functio nalized groups, we nex t pre pa red 
fu nctionalized organo bismuth reagents 18a- j and co upled 
-- -------------------
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them with 2-chloroqui noxaline (7a, Table 3). ln general, 
similar yields were obtained for triarylbismuthant"S pos-
sessing electron-neutra! (T~ble 3, Entries 1 and 7), elect mn-
withdrawing (Table 3, Entries 3, 5. and 6), and electron..<Jo-
nating gro ups (T~ble 3. Entries 4 and 8) . nde r o ur stan-
dard conditions, para- (Table 3, Entries 1, 3. 6. and 8) and 
mela· (Table 3. Entries 4, 5, a nd 1) -substitutcd ~ryl groups 
were efliciently tm nsferred by using the cor respo ndin g 
organobism urhancs. To our surprise. the co upling of on/w-. 
substi tuted aryl gro ups proved to be more diflicult th~n a n-
ticipated . as o n! y a modest yield of the desired producr was 
obtained (Table 3. Entry 2). Acid-scnsitive groups such as 
aceta ls were weil tolcrated in this protocol (Table 3, En· 
tries 7 and 8). Reactive electrophilic gro ups such as nit ri les 
(Table 3. Entry 5) and L"Sters (Table 3, Entry 6) were unaf-
fected during the transformation, which demonstratcs the 
mildness of the cross-coupli ng reaction with organobis-
murhanes. Finally. a 2-thienyl (Table 3, Entry 9) and a 3-
quinolinyl (Table 3. Entry 1 0) unit wcre install ee! unevent-
fully o n the quinoxaline by using our procedure. 
Having established general conditions for the coupling of 
func tio nalized orga nobism ut hanes with 2-haloazines and 
-diazines. wc wanted to extend our methodo logy ro the 
trans fer of an aryl fragment th at wo uld bcar a more reactive 
functionul group such as an aldehyde. This particular func-
tio na l group is highly reactive a nd is thcrefore inc.ompatible 
with stro ng organometallic species such as organomagnes-
ium rcagc nts. 1 lowcver, owing to the mild reactivit y of the 
C-Bi bond, wc postulatcd that the aldehyde would be toler-
ated during the for matio n and the cross-co upling react io n 
of th e orga nobismuthane. Only two examples of (form-
ylaryl)bismuthanes have been repo ttcd in the li te rature. but 
the yields for their synt hesis were low. and t he species were 
no t uscd in subsequent coupl ing reactio ns.l27l 
To rest the co mpati bility of a ldehydes with organobis-
muthanes in thccontext of a pa lladium cross-coupling reac-
tion, wc sought to prepare a forrnylphenylbismuth reagem 
direct ly from 18g. The question wc asked o urselves \\"JS how 
to libcrate the aldehyde without breaking the - Bi bond. 
To ou r great pleasure, rris(3·fonn ylpheny l)bismuthane (20) 
was obta incd in 75% yield sim ply by exposing 18g to aque-
ous acidic conditions (Scheme 3). T hese results show that 
th e C-Bi is strong enough to resist pmtic condi t ions. This 
reaction W'dS performed succcssfu lly on a gnun seule. a nd 
no decompositi o n was noticed a ft er 1 mon th upon stori ng 
the reagent at room rempemture in air. A limited numbcr 
of organomerallic reage nrs bcaring formylaryl grou ps have 
bccn described in t he literature,l28291 and to the bcst of o ur 
knowledge. only three reports of the hyd rolysis f acetals di-
rcctly on the organo metallic rcagcnt could be found , rhosc 
being "~th gcrnmnium,f301 a ntimony.f-1 11 and mercury.l121 
To unequ ivocally confinn the st ructure o f thi s new 
organomeiallic n~agent compo und 20 was recrysmllized . 
X-ray diffmction analysis revealed that the co mpo und is 
pynunidal and has C-Bi-C angles of92.02° and - Bi bond 
lcngths of 2.266 A (Figure l ). TI1e struct ure clea.rly shows 
the presence of three aryl groups each bearing a formyl 
mo iety. 
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Table 3. Cross-<:oupling of functionalizcd triaryl- and trihctcroa ryl bismuthan~-s 18a j wi th 2-<:ltloroquinoxalinc (7a). 
7a 
Entry Organobismulhnne Product 
19& 
l 9b 
19c 
{ FG') 
BI\;Ar(Hot)' 
18 • 
(OAequiv.) 
Pd(PPh,), (5 mol-%) 
Cs,CO, (2 oqulv.) 
DMF,130'C 
ovemighl 
86 
7 
20 
90 
OCN:l. FG' N~ Ar(Het( 
19 
Organobismuthane 
18h 
Producl Yield[%JI•l 
OC~l.,~D NUa o 80 
19b 
oc::L~,OMe u 97 
18t 
~;ç 
6' y 
oyO Ûyoue 
OMe 0 
l8f 
19d 
l 9e 
19f 
9 
84 
10 
80 
191 
oc::l.~ ~ lLN:l) 
19j 
85 
45 
[a] Yicld ofisolaicd pure product.[b] 10 moi-'Y. of PdtPPh ,), and 0.7cquiv. of Ar3 1li were uscd . 
1 NHCicaq) 
H,OfTHF 
(1:3) 
r.t , 2 h 
~H 
o~y5: v 14' 
20: 75% 
H 0 
Wc next verified the transfentbility o f ihe formylphenyl 
group of 20 by cond ucting the cross-co upling reaction with 
pyrazine 7a under o ur standard conditions and obt aincd 
the corrcsponding cross-coupli ng product 21 in 80% iso-
lated yield (Scheme 4) . 
Scheone 3. Synthcsis of tr is(3-foronylphcnyl)bismuthane (20 ). 
lsolatcd examples of cross-coupling reactions leading to 
the transfer of a for mylaryl group on azines and diazines 
have been reponedJH 161 However, to the best o f o ur 
knowlcdge. the o nly geneml methods for the coupling of 
5286 \\.Ww.turjoc.org Cl 2013 Wiley-VC H V<orlag Gmbl-1 & Co. KGaA, \ 'kinbcim E1" J. llrg. (.'/'"'"- 2013. 5282-5289 
Cross-Coupling o f Functionalizl'd Aryl- and Hctcroarylbismuthancs 
Figure 1. ORTEP diagram of compound 20. 1l1ernml ellipsoids are 
shown at the 50% probability leve!. 
ç!H 
)~"~ (-""yNl (0.4 equiv.) H 0 
~N" Ct Pd(PPh:l)c (5 mol-%) 
71 Cs,COa (2 equiv.) 
DMF, 130"C 
ovemight 
(-""y N"] 0 
~N~H 
21 : 80% u 
Sci1Cm< 4. Cross-<:<>upling reaction bctwccn (formylphcnyl)bismuth 
20 a nd 2-chlomquinoxulinc (7n). 
highly functionalized aryl groups (including formylaryl) are 
th ose devcloped by Knochel th at invo lve orgunozincf)il and 
organoindium reagems.P8l Contmry to org;tnozinc spccies, 
organobismuthanes are no t moisture-sensitive and can be 
manipulated in air. 
Conclusions 
Wc have devclopcd an efficien t protocol fo r the cross-
coupling of functionalized aryl- and heteroarylbismuth rea-
gents with :!-halo( or 2-t riflyl)pyridines, -pyrimidines, -pyr-
azines, and -pyridazines bearing reactive moieties. This 
mcthod involves helf-stable organobismuthunes and pro-
œeds under simple conditions to provide the desired cou-
pling products in good to excellent yields. Ali three aryl 
groups are transferred from the bismu!hane in the course 
of the coupling process. The coupling on 2,4-dichloropyr-
imidines is regiose lective and affords mainly the mono-
phcnyl product resulting from the reaction at the 4-position . 
We demonstmted thal functional group manipulation di-
rectly on the organobismu th species is possible a nd gives 
acct'SS to fu nctiona lized aryl groups !hat are challenging to 
tnmsfer such as formylaryl groups. T he cross-coupling of a 
formylpheny l group was eflïcienlly accomplished by using 
our protocol. Studies on the derivati7.at ion of organobis-
muthanes and their use in cross-coupling reactions with 
othcr elect rophi les are in progres.~ in our laboratory. Res ul!s 
will be reponed in due course. 
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T~'Pical Procedure for dtc Cross-Coupling Reaction bet..-œn O rgnn<>-
bismuthancs and 2-0IIoro-, 2-Brom<>-. and 2-Triflyl(di)azincs: ln a 
sculed tube. th~ 2-halo(2-tri0yl)'•zine or -diazinc (0.30 mmol) w:ts 
dis<Oolved in dry N/{-<limethylformamide (4.5 mL). Cesium carbon-
ate (0.60 mmol) was added , followcd by tetŒkis(triphcnylphos-
phanc)palladium (0.015 mmol) and the arylbismud1 n::agcnt 
(0.12mmol). Argon '"'"' bubbled imo the reaction mixture for 
5 min. 1lte tube"""-' sen led a nd he-•ted at 130 •c O\"emight. 111e 
reaclion mixture was cooled Lo room temperature. diluted wi th a 
sat uratcd aqut.'Ous solution ofsodi wn hydrogcn carbonute(50 mL). 
and c."ractcd with e thyl acetate (2X 50 mL). The combinl"<l 
organic phast.'S werc washed with a sa tura ted aqtK'Ous solution of 
sodium hydrogô1 carbonate (2 X 50 mL) and brine (2 X 50 ml), 
dricd with soditm\ sulfate, Hltcred , and conccntmted undcr rcduccd 
pressure. ·n,e crude product was puririCd by ll<L'h column 
chromatOgrdphy o n silicu gel (hcxanes/ethyl aœuuc) to aiTord the 
corresponding product. 
CCDC'-94948- (for 20) con tains the supplcmcntary crystallo-
gr•phic d a lll for this papcr. ·n,csc data can be obtained frtt of 
dtargc from The Cambridge Crystallographic Data Centre via 
\\Ww.cedc.cum.ac.u.k/data_n,quest/eif. 
Supporring Information (sec footnotc on the fir t page of ùt is arti-
cle): E.'perimcntul details, chamcterization dut a. a nd copies of ti1C 
11-1 and ne NM R Spl'Ctta of ali key in termcdiatcs and fina l com-
pound$ 
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l. General information 
Ali reactions were run Lmder argon atmosphere in non flame dried glassware. Unless otherwise stated, 
commercial reagents were used without further purification. Grignard reagents were purchased from 
Aldrich or prepared using conventional methods with metallic magnesium or via Knochel's procedure' 
and were titrated prior use. 2 Triphenylbismuth and anhydrous bismuth chloride 99.999% were purchased 
from Strem Chemicals. Anhydrous solvents were obtained using a MBRAUN (mode! MB-SPS 800) 
encapsulated solvent purification system. The evolution of reactions was monitored by analytica1 thin-
layer chromatography using silica gel 60 F254 precoated plates. Flash chromatography was performed 
employing 230-400 mesh silica (Silicycle) using the indicated solvent system according to standard 
techniques.3 Microwave irradiation was conducted using a Biotage® Initiator microwave system. 
Melting points were laken on an Electrotherrnal Mel-TEMP and are uncorrected. Nuclear magnetic 
resonance spectra (1H, 13C) were recorded on a Bruker Avance-III 300MHz spectrometer. Chemical 
shifts for 1H-NMR spectra are recorded in parts per millon from tetramethylsilane with the solvent 
resonance as the internai standard (chloroforrn, ô 7.27 ppm, DMSO ô 2.54 ppm). Data are reported as 
follows: chemical shift, multiplicity (s = singlet, d = doublet, i = triplet, q = quartet, m = multiplet), 
coupling constant J in. Hz and integration. Chemical sbifts for 13C spectra are recorded in parts per 
million from tetramethylsilane using the central peak of deuterochloroforrn (77.00 ppm) as the internai 
standard. Ali 13C spectra were obtained with complete proton decoupling. IR spectra were recorded on a 
Thermo Scientific Nicole! 6700 PT-IR from thin films and are reported in reciprocat centimeters (cm· '). 
HRMS were perforrned at Université du Québec à Montréal on Agilent Technologies, LC 1200 Series 1 
6210 TOF LCMS analyzer using the electrospray (ESI) mode. 
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2. General procedure for the preparation of triarylbismutbanes 
Bismuth chloride (500 mg, 1.6 mmol) was dissolved in anhydrous THF (23 mL) and was cooled ta 
l0°C (ice-acetone bath). The organomagnesium reagent (5.23 mmol) was slow1y added dropwise under 
argon. The reaction mixture was stirred at room temperature (r.t.) for one hour and heated at 65°C for 30 
minutes. After cao ling ta r.t., the solution was diluted with sat. aq. sodium bicarbonate (1 00 mL) and 
extracted with ethyl acetate (2 x 100 mL). The combined organic phases were washed with sat. aq. 
sodium bicarbonate (2 x 100 mL), brine (2 x 100 mL), dried over sodium sulphate, filtered and 
concentrated under reduced pressure. The crude product was purified by column chromatography using 
the indicated solvent system to afford the desired triary1bismutb. 
Tris(4-metbylphenyl)bismuthine (18a) 
The general procedure was followed on a 1.6 mmol scale starting from BiCI3 and p-
tolylmagnesium bromide. The crude material was purified on silica gel (5% 
EtOAc/hexanes) to afford 18a as a white solid (430 mg, 60%); m.p. 119-.120°C. 
Spectral data was identical ta Iiterature compound.4 1H-NMR (300 MHz, CDCh) li 
7.64 (d, J = 7.8 Hz, 2H), 7.20 (d, J = 7.4 Hz, 2H), 2.32 (s, 3H). 
Tris(2-methylphenyl)bismuthine (18b) 
("') The general procedure was followed on a 1.6 mmol scale starting from BiCI3 and o-
~ tolylmagnesium bromide. The crude material was purified on silica gel (5% 
U ):) EtOAc/hexanes) ta afford l8b as a white solid (664 mg, 86%)· m.p . .130-13l °C. Spectral 
data was identical to Iiterature compound.4 1H-NMR (300 MHz, CDCI3) 7.59 (dd, J = 7.3, 1.0 Hz, JH), 
7.39-7.28 (rn, 2H), 7. 10 (t, J = 7.3 Hz, IH), 2.47 (s, 31-I). 
Tris(4-fluorophenyl)bi.smuthine (ISe) 
Q 
O BIO 1 .-<; F F 
The general procedure was followed on a 1.6 mmol scale starti11g from BiCI3 and 4-
fluorophenyl magnesium bromide. The cmde material was purified on silica gel (15% 
EtOAc/hexanes) to afford 18c as a white solid (615 mg, 80%); m.p. 93-94°C. Spectral 
data was identical to literature compound.4 1H-NMR (300 MHz, CDC13) ô 7.64 (dd J 
= 8.4, 2.0 Hz, 2H), 7.08 (t, J = 9.2 Hz, 2H). 
- ----- --------------------------------------------------------------------------------------------
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Tris(3-methoxyphenyl)bismuthinc (18d) 
Me~ y 
fÎYBi~OMe 
y v 
OMe 
The general procedure was followed on a 1.6 mmol scale starting from BiC13 and 3-
methoxyphenyl magnesium bromide. The crude material was purified on silica gel 
(20% EtOAc/hexanes) to a.fford l8d as a yellow solid (732 mg 86%); m.p. 95-100°C. 
Spectral data was identical to literantre compound.4 11-l-NMR (300 MHz, CDCh) Il 
7.37-7.31 (m, 3H), 6.85-6.82 (m, lH), 3.72 (s, 3H). 
Tris(3-cyanophcnyl)bismuthinc (ISe) 
Preparation of 3-benzonitrile magnesium bromide using Knochel's procedure 1: A NCî() 
Y solution of i-PrMgCI•LiCl (4.6 mL, 6.0 mmol, 1.3M in THF) was cooled to - 20°C, and 
Q'BiVCN 3-bromobenzonitrile (1.0 g, 5.5 mmol) was added. The reaction mixture was stirred for 
CN 30 min at -20' C. The general procedure was then followed on a 1.65 mmol scale 
starting from bismuth chloride. The cru de ma teri al was puri fied on si! ica gel (1 0% EtOAc/hexanes) to 
a.fford 18e as a yellow oil (389 mg, 20%)· Rf 0.11 (20% EtOAclhexanes); 1H-NMR (300 MHz, CDC13) 
Il 7.98 (s, JH), 7.94 (dt, J = 7.4, 1.l Hz, 1 H) 7.62 (dt, J = 7.7, 1.4 Hz lH), 7.53 (t, J = 7.5 Hz, 1 H); 13C-
NMR (75 MHz, CDCl3) Il 157.1, 141.4, 140.5, 132.0, 131.3, 118.7, 115.2; IR (neat) 3407,3047, 2230, 
1545, 1393; HRMS (ES!) calcd for Cz1H12BiN3: 515.0835 , found (M+Ht 516.0908. 
Tris( 4-carbomethoxyphenyl)bismuthine ( 18f) 
MeO_r 
y 
Preparation of (4-carbomethoJ.yphenyl)magnesiwn bromide using Knochel 's 
procedure1: A solution of i-PrMgCI•LiCI (21.2 mL, 16.8 mmol, l.3M in THF) 
was cooled to - 50°C, and methyl4-bromobenzoate (4.0 g, 15 mmol) was added. 
fiYBl~ 0~ ~OMo The reaction mixtu.re was stirred for 30 min at -50 ' C. The general procedure was 
OMe o then followed on a 4.5 mmol scale starting from bismuth chloride. The crude 
material was purified on silica gel (10% EtOAclhexanes) to afford 18f as a yellow solid (1.3 g, 60%). 
Spectral data was identical to litera!ure compound.41H-NMR (300 MHz, CDC13) Il 8.02 (d, J = 8.2 Hz, 
2H), 7.79 (d, J = 8.1 Hz, 2H), 3.89 (s, 3H). 
Tris(3-(diethoxymethyl)phenyl)bismuthine (18g) 
The general procedure was followed on a 6.4 mmol scale starting from BiCh and 3-(benzaldehyde 
diethylacetal)magnesium bromide. The crude material was puritied on silica gel (5% EtOAclhexanes) to 
afford 18g as a yellow oil (4.2 g, 88%); RJ 0.69 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCI3) Il 
7.86 (s, IH), 7.66 (d,J= 7. 1 Hz, IH), 7.44-7.33 (m, 2H), 5.44 (s, JH), 3.62-3.43 (m, 4H), 1.18 (t, J = 7.1 
Hz, 6H); 13C-NMR (75 MHz, CDC13) 8 155.2, 140.5, 137.5, 135.7, 130.3, 126.1, 101.7, 61.0, 15.2; IR 
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(neat) 3647, 2983, 2874, 1699, 1433, 1108, 1045; HRMS (ESI) calcd for 
CJJH4sBi06: 746.3020, found (M+Na) 769.29 12. 
Tris(4-(tetrahydro-2H-pyran-2-yloxy)phenyl)bismuthine (18h) 
The general procedure was followed on a 1.6 mmol scaJe starting from BiCJ3 and 
4-(2-tetrahydro-2H-pyranoxy)phenylmagnesium brornide. The crude material was 
purified on silica gel (10% EtOAc/hexanes) to afford l8h as a white solid (650 mg, 
55%); R/ 0.44 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCJ3) o 7.76 (d, J = 
8.5 Hz, 2H), 7.20 (d, J = 8.5 Hz, 2H), 5.55 (t, J = 3.2 Hz, lH), 4.10-4.03 (m, 1 H), 
3.78-3.73 (m, lH), 2.20-2.12 (m, 1H), 2.01-1.97 (m, 2H), 1.84-1.72 (rn, 3H); 13C-
NMR (75 MHz, CDCI3) o 156.9, 138.9, 118.8, 96.4, 62.3 , 30.5, 25.4, 19.0; IR 
(neat) 3020, 2941 , 2871, 1580, 1485, 1232. 
Tris(2-thienyl)bismuthine (l8i) 
The general procedure was followed on a 1.6 mmol scale starting from BiCJ3 and 2-
thienylmagnesium bromide. The crude material was purified on silica gel (20% 
EtOAc/hexanes) to afford 18i as a yellow solid (387 mg, 53%). Spectral data was identical 
to literature compound.4 T. decomp 250°C· 1H-NMR (300 MHz, CDC13) ô 7.69 (dd, J = 4.8, 0.7 Hz, IH), 
7.45 (dd, J = 3.3, 0.8 Hz, IH), 7.19 (dd, J, = 4.8, 1.4 Hz, 1 H). 
Tris(3-quinolinyl)bismuthine (18j) 
The general procedure was followed on a 1.6 mmol scale starting from BiC13 and 3-
quinolinylmagnesium bromide. The crude material was purified on silica gel (5% 
EtOAc/hexanes) to afford 18j as a colorless ail (743 mg, 80%); R1 0.61 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDCJ3) ô 8.90 (d, J = 2.3 Hz, 1H), 8.3 1 (d, J = 
2.2 Hz, IH), 8.09 (d, J = 9.0 Hz, IH), 7.74 (d, J = 7.8 Hz, IH), 7.73 (dt, J = 6.9, 1.1 
Hz, 1H), 7.57 (dt, J = 8.2 1.5 Hz, IH); 13C-NMR (75 MHz, COC13) ô 150.8, 145.8, 136.7, 129.3, 129.1, 
128.6, 127.1 126.5, 116.7· IR(neat)3059, 1581 , 1498,131 1, 1071. 
Tris(3-formylphenyl)bismuthine (20) 
H20 (26 mL) and HCI 1 N (1 0 mL) were added at room temperature to a stirred 
solution oftris(3-(diethoxymethy1)phenyl)bismuthane (2.0 g, 2.8 mmol) (18g) in THF 
(50 mL). The reaction mixture was stirred for lh and then diluted with ethyl acetate 
(50 mL). The organic layer was washed with sat aq. NaHC03 (50 mL) and sat. aq. 
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NaCI (3 x 50 mL), dried over Na2S20 4, filtered and concentrated under reduced pressure. The crude 
material was purified on silica gel (5% EtOAc/hexanes) to afford 20 as a white solid (991 mg, 75%); m.p. 
l25°C· R1 0.29 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCI3) o 9.97 (s, 1 H), 8.26 (s 1H), 7.96 (d, 
J = 7.3 Hz, lH), 7.86 (dt, J = 7.7, 1.3 Hz, IH), 7.58 (t, J = 7.5 Hz, IH); 13C-NMR (75 MHz, CDCh) o 
192.4, 156.1, 143.50, 138.4, 138.0, 131.5, 129.9; IR (neat) 3032, 2839,2732, 1695, 1575, 1553, 1382, 
1193· HRMS (ESl) calcd for C21H1sBi03: 524.0825, found (M+H/ 525.0898. 
3. General procedure for the cross-coupling reaction between triarylbismuthanes and 2-chloro, 2-
bromo, and 2-triflyl azines and diazines 
Compounds 6, lla-lld, 12a, 13a-13m, 14a, 16, 17, 19a-19j and 21 were prepared according to the 
following procedure: ln a sealed tube, U1e starting bromide, chloride or triflate (0.30 mmol) was 
dissolved in N,N-dimethylformamide (4.5 mL). Cesium carbonate (198 mg, 0.60 mmol) was added, 
followed by tetrakis(triphenylphosphine)palladium (18 mg, O.ûl5 mmol) and triarylbismuth or 
triheteroarylbismuili reagent (60 mg, 0.12 mmol). Argon was bubbled in ilie reaction mixture for 5 
minutes. The tube was sealed and heated at 1 30°C for 18h. The reaction mixture was cooled to r.t. , 
diluted with sat. aq . sodium bicarbonate (50 mL) and extracted with ethyl acetate (2 x 50 mL). The 
combined organic phases were washed with sat aq. sodium bicarbonate (2 x 50 mL), brine (2 x. 50 mL), 
dried over sodium su1phate, filtered and concentrated under reduced pressure. The crude product was 
purified by flash column chromatography on silica gel using hexaneslethyl acetate as the eluent to afford 
the corresponding product. 
3-Metbyl-6-phenylpyridazine (6) 
Y)_ ~ The general procedure was followed on a 0.39 mmol scale starting from 3-chloro-6-
.N- D methy1pyridazine (4). The crude material was purified on silica gel (10% EtOAclhexanes) 
to afford 6 as a white solid (47 mg, 72%); m.p. 56-58 °C. Spectral data was identical to literature 
compound.5 1H-NMR (300 MHz, CDCI3) 1) 8.05 (dd, J = 8.1 1.8 Hz 2.H), 7.73 (d, J = 8.7 Hz, IH), 7.50-
7.46 (m, 3H), 7.37 (d, J = 8.7 Hz IH), 2.74 (s 3H). 
2-Phenylquinoxaline (lia) 
The general procedure was followed on a 0.31 mmol scale starting from 2-
cx:J__ ~ chloroquinoxaline (7a). The crude materiaJ was purified on silica gel (2.5% 
U EtOAclhexanes) to afford lla as a yellow solid (57 mg, 91 %); m.p. 78-79°C. Spectral 
data was identical to literature compound5 1H-NMR (300 MHz, CDCl3) o 9.31 (s, 1H), 8.20-8.10 (rn, 
4H), 7.79-7.69 (m, 2H), 7.58-7.47 (rn, 3H). 
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2-Phenylpyrazine (.11 b) 
N The general procedure was followed on a 0.44 rrunol scale starting from 2-chloropyrazine 
( ), Î (7b). The crude material was purified on silica gel (5% EtOAclhexanes) ta afford llb as a 
U white sol id (55 mg, 81 %); m.p. 72-73°C. Spectral data was identical ta litera ture compound. 6 
1H-NMR (300 MHz, CDCI3) 8 9.03 (s, IH), 8.'61 (t, J = 2.3 Hz, lH), 8.49 (d, J = 2.5 Hz, IH), 8.01 (dd, J 
= 8.1, 1.9 Hz, 2H), 7.54-7-43 (rn, 3H). 
2-Cyano-3-pbenylpyrazine (Ile) 
N eN The general procedure was followed on a 0.36 mmol scale starting from 2-chloro-3-(Nro cyanopyrazine (7c). The crude material was purified on silica gel (5% EtOAc/hexanes) ta 
afford Ile as a colorless ail (40 mg, 62%); R1 0.39 (20% EtOAclbexanes); 1H-NMR (300 
MHz, CDCb) 8 8.84 (d,J = 2.3 Hz, IH), 8.65 (d 1 = 2.3 Hz, IH), 8.00-7.98 (m 2H), 7.59-7.57 (m, 3H); 
13C-NMR (75 MHz, CDCh) o 157.2, 146.6, 143.1, 134.5, 131.2, 129.2, 128.1, 1 16.5; IR (neat) 3060, 
2919, 2850,2235, 1547; HRMS (ESI) calcd for C11 H7Nf 181.0640, found (M+H)+ 182.0718. 
2-(N,N-dimetby1amino )-6-pbenylpyrazine (11 d) 
N The general procedure was followed on a 0.32 mmol sca1e starting from 2-chloro-6-
h \)"' (N,N-dimethylamino)pyrazine (7d). The crude material was purified on silica gel (5% 
Me2N N l 
~ EtOAc/hexru.1es) ta afford lld as a yellow ail (45 mg 72%); R1 0.22 (20% 
EtOAclhcxanes)· 1H-NMR (300 MHz, CDCh) ô 8.29 (s, 1H) 8.04-8.01 (m, 2H), 7.97 (s, 1 H) 7.50-7.38 
(rn, 3H), 3.20 (s, 6H); 13C-NMR (75 MHz, CDCh) 8 154.3, 149.2, 137.5, 129.2, 128.7, 128.4, 128.0, 
126.8, 37.5; IR (neat) 3037, 2919, 2895, 1603, 1529, 1426; HRMS (ES!) calcd for Ct2H13N3: 199.1 109, 
found (M+Ht 200.1257. 
5-Etbyl-2-phenylpyrimidine (12a) 
The general procedure was followed on a 0.35 mmol scale starting from 2-chloro-5-
Et1';~ ethylpyrimidine (Sa). The crude material was purified on silica gel (1.5% EtOAc/hexanes) 
Il) ta atford 12a as a colorless oil (40 mg, 62%); Rr 0.64 (20% EtOAc/hexanes); 11-1-NMR 
(300 MHz CDCI3) 8 8.65 (s, 2H), 8.42-8.39 (rn, 2H), 7.50-7.47 (m, 31-1), 2.67 (q, J = 7.7, Hz, 2H), 1.31 (t, 
J = 7.6 Hz, 3H)· 13C-NMR (75 MHz, CDCi)) 8 162.8, 156.8, 137.8, 134.3, 130.5, 128.7, 128.0, 23.6, 
15.1; IR (ncat) 3015, 2965, 2928, 1586, 1427. 
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2-Methyl-6-phenylpyridine (13a) 
n ..._ The general procedure was followed on a 0.39 mmol scale starting from 2-chloro-6-
_, · N· 1) methylpyridine (9a). The crude material was purified on silica gel (5% EtOAc/hexanes) to 
afford 13a as a colorless oil (43 mg, 65%). Spectral data was identical to literature compound.7 1H-NMR 
(300 MHz, CDCb) o 7.99 (dd, J = 8.5, 1.6 Hz, 2H), 7.63 (t, J = 7.7 Hz, IH), 7.53-7.34 (m, 4H), 7.15-
7.05 (rn, lH), 2.64 (s, 3H). 
3-Methyl-6-phenylpyridine (13b) 
The general procedure was followed on a 0.29 mmol scale starting from 2-bromo-5-
"' 1 methylpyridine (9b). The crude material was purified on silica gel (5% EtOAc/hexanes) to 
~N 1 ~ 
~~ afford 13b as a colorless oil (43 mg, 90%). Spectral data was identical to literature 
compound.8 
The general procedure was also followed on a 0.21 mmol scale starting from 5-methyl-2-
trifluoromethylsulfonatepyridine (9i). The crude material was purified on silica gel (5% EtOAc/hexanes) 
to afford 13b as a colorless oil (23 mg, 66%). Spectral data was identical to litera ture compound. 8 1 H-
NMR (300 MHz, CDCI3) ô 8.52 (s, lH), 7.97 (dt, J = 7.0, 1.6 Hz, 2H), 7.63 (d J = 8.1 Hz, IH), 7.55 (dd, 
J = 8.1, 1.8 Hz, lH) , 7.49-7.36 (rn, 3H), 2.36 (s, 3H). 
Ethyl 6-phenylpyridine-2-carboxylate (13c) 
The general procedure was followed on a 0.22 mmol scale starting from ethyl 6-
EJO 
bromo-2-pyridine carboxylate (9c). The cmde material was purified on silica gel (2.5% 
EtOAc/hexanes) to afford 13c as a yellow solid (24 mg, 50%); m.p. 53-55°C. Spectral data was identical 
to literature compound.9 1H-NMR (300 MHz, CDCI3) o 8.09-8.01 (m, JH), 7.91-7.85 (m, 2H), 7.52-7.40 
(m, 3H), 4.48 (q, J = 7.1 Hz, 2H), 1.47 (t, J = 7.1 Hz, 31-1). 
2-Acetyl-6-phenylpyridine (13d) 
The general procedure was followed on a 0.25 mmol scale starting from 2-acetyl-6-0?. ~ bromopyridine (9d). The crude material was purificd on silica gel (5% EtOAc/hexanes) 
o ·w 1) to afford 13d as a yellow solid (46 mg, 76%); m.p. 59-61 °C. Spectral data was identical 
to literature compound. 10 1H-NMR (300 MHz, CDCb) li 8.10 (dt, J = 6.7 1.6 Hz, 2H), 7.98 (dd, J = 7.1 , 
1.7 Hz, IH), 7.94-7.85 (m, 2H), 7.54-7.46 (rn, 3H), 2.83 (s, 31-1). 
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Mcthyl 2-phcnylpyridine-3-c.arboxylatc (13e) 
o The general procedure was followed on a 0.23 mmol scale starting from methyl 2-
rr~o bromopyridine-3-carboxylate (9e). The crude material was purified on silica gel (10% 
"'N~ EtOAc/hexanes) to afford 13e as a yellow oi1 (24 mg, 50%). 
The general procedure was also followed on a 0.29 mmol scale starting from mcthyl 2-chloropyridine-3-
carboxy1ate (9f). The crude material was purified on silica gel (5% EtOAc/hexanes) to afford 13e as a 
yellow oil (26 mg, 42%); R1 0.37 (20% EtOAc/hexanes); 1 H-NMR (300 MHz, CDCI3) ô 8.78 (dd, J = 3.8, 
1.7 Hz, lH) 8.10 (dd , J = 7.8, 1.7 Hz, !H), 7.56-7.53 (m, 2H), 7.47-7.42 (m, 3H), 7.33 (dd, J = 7.8, 4.8 
Hz, lH), 3.69 (s, 3H); 13C-NMR (75 MHz, CDC13) ô 168.7, 158.9, 151.4, 140.1 138.0, 128.8, 128.6, 
128.3, 127.1 , 121.7, 52.5; rR (neat) 3025, 2950, 1725, 1581 , 1426, 1282; HRMS (ESI) calcd for 
C13H11 N02: 213.0790, found (M+Ht 214.0972. 
3-Carboxaldehyde-6-phenylpyridine (13g) 
The general procedure was followed on a 0.35 mmol scale starting from 6-ch1oro-3-
o H~ carboxaldehydepyridine (9g). The crude material was purified on silica gel (5% 
"'NU EtOAc/hexanes) to afford 13g as a white solid (50 mg, 80%); m.p . 58-59°C. Spectral 
data was identical to literature compound.11 1H-NMR (300 MHz, CDC13) ô 10.13 (s, IH), 
9.13 (d, J = L.9 Hz, lH), 8.19 (dd, J = 8.3, 1.2 Hz, lH), 8.09-8.06 (rn, 2H) 7.89 (d, J = 8.3 Hz, lH), 
7.54-7.49 (rn, 3H). 
2-Phenyl-6-(trifluoromethy1)pyridine (13h) 
The general procedure was followed on a 0.28 mmol scale starting from 2-chloro-6-
,.,cVu trifluoromethylpyridine (9h). The crude material was purified on silica gel (2% 
"' EtOAclhexanes) to afford 13h as a ycllow solid (52 mg, 85%); m.p. 50-55°C; R1 0.71 
(20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCI3 ô 8.09 (dd J = 8.2, 1.8 Hz 2H), 7.91 (d, J = 4.1 Hz, 
2H), 7.64-7.58 (m, lH), 7.53-7.46 (m, 3H); ° C-NMR (75 MHz, CDCIJ) ô 158.0, 138.2, 137.9, 129.9, 
129.1, 127.3, 123.6, 122.9, 118.6; rR (neat) 3330, 2922, 2831, 1596, 1462, 1451 , 1344; HRMS (ES[) 
calcd for C1 2HsF3N: 223 .0609, found (M+Ht 224.0689. 
2-Phenyl-5-trifluoromethylpyridine (13j) 
The general procedure was followed on a 0.17 mmol scale starting from 2-
F.c'Ovl trifluoromethylsulfonate-5-trifluoromethylpyridine (9j). The crude material was purified 
N "< 
1 -'"' on silica gel (2.5% EtOAc/hexanes) to afford 13j as a color.less oil (30 mg, 80%). 
Spectral data was identical to literature compound. 12 1H-NMR (300 MHz, CDCI3) ô 8.95 (s, lH), 8.03 
(dd, J = 8.0, 2.0 Hz, 2H), 7.98 (dd, .!= 8.4, 1.9 Hz, IH), 7.84 (d, J = 8.4 Hz, IH), 7.54-7.47 (rn, 3H). 
-------------------
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3-Nitro-6-phenylpyridine (13k) 
o,r~Vu~ 1 The general procedure was followed on a 0.25 mmol scale starting from 2-bromo-5-
N 1 "' nitropyridine (9k). The crude material was puri fied on silica gel (2.5% EtOAclhexanes) 
-"' 
to afford 13k as a yellow sol id (21 mg, 45%); m.p. ll9-12! °C. Spectral data was 
identical to litera turc compound.13 1H-NMR (300 MHz, CDCI3) o 9.49 (d, J = 2.3 Hz, IH), 8.53 (dd, J = 
8.8, 2.6 Hz, IH), 8.09 (dd, J = 7.5, 3.7 Hz, 2H), 7.85 (d, J = 8.9 Hz, IH), 7.54-7.52 (m, 3H). 
3-Cyano-6-phenylpyridine (131) 
The general procedure was followed on a 0.36 mmol scale starting from 6-chloro-3-
NC'Ou" 1 pyridinecarbonitrile (91). The crudc material was purified on silica gel (2.5% 
N -., 
1 A' EtOAclhexancs) to afford 131 as a white solid (40 mg, 62%); m. p. 95-1 00°C; Rr 0.48 
(20% EtOAclhexanes); 1H-NMR (300 MHz, CDCI3) o 8.93 (dd, J = 2.1 0.7 Hz, 1 H), 8.06-8.00 (m, 2H) 
7.98 (dd, J = 8.3, 2.2 Hz, lH), 7.83 (dd, J = 8.4, 0.8 Hz, 1 H), 7.55-7.49 (m, 3H); 13C-NMR (75 MHz, 
CDC13) o 160.6 152.6, 140.0, 137.5, 130.7, 129.2, 127.5, 120.1, 117.1, 108.0; [R (ncat) 3051 , 3047, 
2238, 1589 1469, 1444, 1376; HRMS (ESI) calcd for C12HsN2: 180.0687, found (M+Ht 181.0766. 
a-Methyl-6-phenyl-2-pyridinemethanol (13m) 
The general procedure was followed on a 0.25 mmol scale starting from 1-(6-bromo-2-
pyridinyl)ethanol (9m). The crude material was purified on silica gel (2.5% 
OH 
4 EtOAc/hexanes) to afford 13m as a yellow oil (13 mg, 26%). Spectral data was 
identical to literature compound.14 1H-NMR (300 MHz, CDCb) 8.02 (dd, J = 8.4, 1.7 Hz, 21-1), 7.77 (t, J 
= 7.7 Hz, JH), 7.64 (d, J = 7.7 Hz, lH), 7.52-7.43 (m, 3H), 7.2 1 (d, J = 7.7 Hz, lH), 4.95-4.93 (m, IH), 
4.78-4.77 (m, IH), 1.56 (d, J = 6.5 Hz, 3H). 
3,6-Diphenylpyridazine (14a) 
The general procedure was followed on a 0.25 mmol scale starting from 3-chloro-6-
phenylpyridazine (1 0a). The crude material was purified on silica gel (2.5% 
"'1 
N .·N 1 .., EtOAclhexanes) to afford 14a as a yellow solid (53 mg, 90%); m.p. 221 -223°C. A 
Spectral data was identical to litera ture compound.15 1 H-NMR (300 MHz, CDCI3) 8.17 
(dd , J = 8.2, 1.8 Hz, 4H), 7.94 (s, 2H), 7.58-7.51 (m, 6H). 
2-Chloro-5-metbyl-4-phenylpyrimidioe ( 16) and 2,4-Dipbenyl-5-methylpyrimidine (17) 
The general procedure was followed on a 0.31 mmo1 scale starting from 2,4-dichloro-5-
methylpyrimidine (15) . The crude material was purified on silica gel (5% EtOAc!hexancs) to afford 16 
as a white sol id (39 mg, 65%) and 17 as a white solid (1 0 mg, 1 5%). 
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2-Chloro-5-rnethy1-4-phenylpyrimidine (16): R1 0.47 (20% EtOAc/hexanes); 1H-NMR 
_l:ra (300 MHz, CDCI3) o 8.48 (s, IH), 7.63-7.60 (rn, 2H), 7.50-7.47 (rn, 3H), 2.38 (s, 31-:1); 
C1 N 1 : 
nOe experiment: irradiation of the signal at 2.38 ppm yielded nOe trans fers to peaks at 
8.48 and 7.61 pprn. 13C-NMR (75 MHz, CDC13) o 168.1 , 161.3, 159.1, 136.7, 130.1 , 129.0, 128.6, 126.8, 
16.7; fR (neat) 3006, 2985, 2926, 1555, 1442, 1436. 
2,4-Diphenyl-5-rnethylpyrimidine (17): Rr 0.59 (20% EtOAc/hexanes)· 11-:1-NMR (300 MHz, CDCI3) o 
Ny ~ 8.68 (s, IH), 8.52-8.48 (rn, 2H), 7.75 (dd, J = 8.0, 2. 1 Hz, 2H), 7.57-7.47 (rn, 6H), 2.43 
~N~ 1) (s, 3H); 13C-NMR (75 MHz, CDCI3) o 164.9, 162.6, 159.2, 138.5, 137.8, 130.3, 129.3, 
129.2, 128.5, 128.4, 128.1, 125.6, 17.1. 
2-(4-Methylphenyl)quinoxalinc (19a) 
U Nl./"'"- The general procedure was followed on a 0.23 rnrno1 scale starting from 2-
,._ 
1 
N' U chloroquinoxaline (7a). The crude rnaterial was purified on silica gel (2.5% 
EtOAc/hexanes) to afford 19a as a yellow solid (58 mg, 86%); m.p. 92-93°C. Spectral 
data was identical to literature compound.16 1H-NMR (300 MHz, CDCJ3) o 9.29 (s, 1H), 8.15-8.08 (m, 
4H), 7.78-7.68 (m, 2H), 7.34 (d, J = 8.1 Hz, 2H), 2.43 (s, 3H). 
2-(2-Methylphenyl)quinoxalinc (19b) 
The general procedure was followed on a 0.23 mrnol scale starting from 2-Q ), .A>, chloroquinoxaline (7a). The crude mat.erial was puri fied on silica gel (5% 
).) EtOAc/hexanes) to afford 19b as a yellow solid (9 mg, 20%)· m.p. 91-92°C. Spectral 
data was identical to litera ture compound.17 1 H-NMR (300 MHz, CDCI3) o 9.01 (s, 1 H) 8.18-8.15 (m, 
2.H), 7.84-7.79 (m, 2H), 7.59-7.54 (m, IH), 7.42-7.34 (m, 3H), 2.48 (s, 3H). 
2-(4-Fluorophcnyl)quinoxaline (19c) 
N The general procedure was followed on a 0.23 mmol scale starting from 2-(XN~ chloroquinoxaline (7a). The crude material was purified on silica gel (2.5% 
F EtOAc/hexanes) to afford 19c as a white solid (61 mg, 90%); m.p. 120- l22°C. Spectral 
data was idcntical to literaturc compound. 18 1H-NMR (300 MHz, CDCI3) ô 8.65 (s, 1 H), 7.58-7.54 (rn, 
2H), 7.51-7.46 (m, 2H), 7.17-7.07 (m, 2H), 6.61 (t, J = 8.7 Hz, 2H). 
2-(3-Methoxyphcnyl)q uinoxaline (19d) 
0:~ /:o." The general procedure was followed on a 0.23 mmol scale starting from 2-
,._ 
1 
N' Û OMa chloroquinoxaline (7a). The crude material was puri fied on si! ica gel (5% 
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EtOAc!hexanes) to afford 19d as a yellow solid (70 mg 97%); m.p. 87-88°C. Spectral data was identical 
to literature compound.17 1H-NMR (300 MHz, CDCIJ) ô 9.30 (s, lH), 8.17-8.09 (m, 2H), 7.79-7.70 (m, 
4H), 7.45 (t,J = 8.1 Hz, lH), 7.04 (dd, J = 8.2, 3.2 Hz, lH), 3.92 (s 3H). 
2-(3-Cyanophenyl)quinoxaline (19e) 
()('-1)__ ~ j The general procedure was followed on a 0.23 mmol scale starting from 2-
.,. N U eN chloroquinoxaline (7a). The crude material was purified on silica gel (5% 
EtOAc!hexanes) to afford 19e as a white sol id (45 mg, 84%); m.p. 1 55-160°C; R_r0.28 
(20% EtOAclhexanes); 1H-NMR (300 MHz, CDC13) ô 9.31 (s, IH), 8.53 (s, IH), 8.40 (dt, J = 8.0, 1.3 
Hz, !H) 8.17-8.12 (m 2H), 7.85-7.77 (m, 3H), 7.67 (t, J = 7.8 Hz, IH); 13C-NMR (75 MHz, CDCI3) ô 
149.3, 142.5, 142.2, 142.0, 138.0, 133 .3, 131.5 131.2, 130.9, 130.4, 130.0, 129.8, 129.3, 118.4, 113 .6; 
fR (ncat) 3058, 2923, 2846, 2230, 1546; HRMS (ESI) calcd for C1sH9N3: 231.0796 found (M+H}' 
232.0843. 
2-(4-(Carboxymethyl)phenyl)quinoxaline (191) 
The general procedure was followed on a 0.23 mmol scale starting from 2-
a:~ chloroquinoxaline (7a). The crude material was purified on silica gel (5% 
~OMo EtOAc!hexanes) to afford 19f as a yellow solid (63 mg, 80%); m.p. 141-143°C. 
0 Spectral data was identical to literature compound.19 1 H ~NMR (300 MHz, CDC13) 
ô 9.33 (s, IH), 8.27-8.17 (m, 3H), 8.16-8.09 (m, 3H), 7.81-7.72 (m, 2H), 3.95 (s, 3H). 
2-(2-( diethoxymethyl)quinoxaline (19g) 
The general procedure was followed on a 0.23 mmol scale starting from 2-
r""'YNVOEt chloroquinoxaline (7a). The crude material was purified on silica gel (2% v.N "> OEI 
1 .& EtOAclhexanes) to afford 19g as a yellow oil (70 mg, 98%); Rf 0.47 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDC13) ô 9.33 (s, lH), 8.29 (s, IH), 8.17-8.09 (m, 3H), 7.79-7.70 
(m, 2H), 7.64 (d, J = 7.7 Hz, 1 H), 7.56 (t, J = 7.6 Hz, IH), 3.73-3 .54 (m, 4H), 1.27 (t, J = 7.1 Hz, 6H); 
13C-NMR (75 MHz, CDCI3) ô 151.8, 144.3, 143.5, 142.3, 141.6 140.3, 136.8, 130.3, 129.7, 129.6, 129.2, 
128.6, 127.6, 125.9, 101.4, 61.3, 15.3; IR (neat) 3062, 2969, 2921 , 2873, 1542, 1186, 1002; HRMS (ESl) 
calcd for C,9H2oN20 2: 308.1525, found (M+Ht 309.1579. 
2-(2-(tetrahydro-2H-pyran-2-y1oxy)quinoxaline ( 19h) 
The general procedure was followed on a 0,23 mmol scale starting from 2-
(JCN'u chloroquinoxaline (7a). The crude material was purified on silica gel (2% N~ "" D 1 6 EtOAc/hexancs) to afford 19h as a yellow solid (65 mg, 80%); Rf 0.43 (20% 0 0 
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EtOAc!hexanes); 1H-NMR (300 MHz, CDCI3) o 9.32 (s, lH), 8.20-8.10 (rn, 4H), 7.81-7.70 (m, 2H), 
7.30-7.25 (rn, 2H), 5.57 (t, J = 3.1 Hz, 1H), 3.99-3 .91 (m, 1H), 3.70-3.64 (m, 1H), 2.13-2.05 (rn, IH), 
1.97-1.93 (m, 2H), 1.81-1.62 (rn, 3H)· 13C-NM R (75 MHz, CDCJ3) 8 158.9, 151.5, 143.2, 142.4, 141.3, 
130.1 , 130.0, 129.1, 129.5, 128.9, 117.0, 96.2, 62.0, 30.2, 25.2, 18.6; IR (neat) 3015, 294 1, 1604. 
2-(2-thienyl)quinoxaline (19i) 
N The general procedure was followed on a 0.23 mmol scale starting from 2-
(JC)... s chloroquinoxaline (7a). The crude material was purified on silica gel (5% 
·u 
EtOAc!hexanes) to afford 19i as an off white solid (55 mg, 85%); m.p. 117-l20°C. 
Spectral data was identical to li terature compound.20 1H-NMR (300 MHz, CDC13) 8 9.22 (s, 1 H), 8.06 (dt, 
J = 8.2, 1.5 Hz, 2H), 7.84 (dd, J = 3.8, 1.0 Hz, JH), 7.75-7.65 (m, 2H), 7.53 (dd, J = 3.4, 1.0 Hz, 1H), 
7.19 (dd, J = 5.1, 3.8 Hz, lH). 
2-(2-(3-quinolinyl)quinoxal.ine (19j) 
The general procedure was followed on a 0.23 mmol scale starting from 2-
~N~m ch1oroquinoxaline (7a). The crude material was purified on silica gel (5% ~N '-" '-" 
1 N~ -<> EtOAc!hexanes) to afford 19j as a yellow solid (26 mg, 45%); m.p. 214-215°C. 
Spectral data was identical to literature compound.21 1H-NMR (300 MHz, CDC13) o 8.87 (d J = 2.2 Hz, 
2H), 8.23 (d, J = 2.5 Hz, 2H), 8.04 (d, J = 8.4 Hz, 2H), 7.71-7.66 (rn, 4H), 7.52 (dt, J = 6.9, 1.1 Hz, 1 H). 
2-(2-(3-formy1phenyl)quinoxaline (21) 
N The general procedure was followed on a 0.23 mmol scale starting from 2-UNV H chloroquinoxaline (7a). The crude material was purified on si lica gel (2% 
EtOAc/hexanes) to afford 21 as a ycllow so1id (43 mg, 80%); m.p. 120-123°C; Rf 
0.36 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDC13) o 10.15 (s, lH), 9.36 (s, 1H), 8.70 (s, 1 H), 8.46 
(d, J = 7.8 Hz, tH), 8.12 (dt, J = 8.5, 2.1 Hz, 2H), 8.00 (d, J = 7.6 Hz, 1H), 7.80-7.69 (m, 3H); 13C-NMR 
(75 MHz, CDC!,) o 191.9, 150.3, 142.9 142.2, .141.9, 137.8, 137.2, 133.2, 131.0, 130.7, 130.2, 129.9, 
129.7, 129.2, 128.8; IR (neat) 3054, 28ll , 2726, 1700, 1584, 1538, 1179; HRMS (ESI) calcd for 
C1sH10N20 : 234.0793, found (M+Ht 235 .083 
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ANNEXEE 
"COPPER-CA TAL YZED N-ARYLA TION OF AZOLES AND DIAZOLES USING 
HIGHL Y FUNCTIONALIZED TRIVALENT ORGANOBISMUTH REA GENTS" 
ARTICLE 
RSC Adv. 2014, 22255 
DOl : 10.1 039/c4ra02467b 
Titre : Copper-Catalyzed N-Arylation of Azotes and Diazoles Using Highly 
Functionnalized Trivalent Organobismuth Reagents 
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RSC Advances 
Ote !hi<: RSC Adv., 2014, 4. 22255 
Copper-catalyzed N-arylation of azoles and 
diazoles using highly functionalized trivalent 
organobismuth reagentst 
Reœived 20th March 2014 
Accepted 17th April2014 Pauline Petiot. Julien Dansereau and Alexandre Gagnon* 
001: 10.1039/ c4ra02467b 
WWIN.rsc.org/acNaoces 
The N-al)iation of indoles, indazoles, pyrroles, and pyrazoles using 
highly functionalized trivalent arylbismuth reagents is reported. The 
reaction is promoted by a sul::!sto ichiometric amount of copper 
acetate, and it tolerates a wide diversity of functional groups on the 
azole and the organobismuth reagent. The method is also appied to 
the N-arylation of t.yptophan derivatives. 
Azotes and diazoles are common seaffolds that are frequendy 
used in medicinal chenùstry to project key pharmacophores 
along different vectors inside the binding pocket of a biological 
target.' ·' N·Arylation of these nitrogenated compounds makes it 
possible to screen for new interactions around an inhibitoi' and 
to modify its biophysical properries.• N-Arylawks have also 
found numerous applic-ations in material and polymer 
st'iences.' N·Arylazoles and diazoles arc commonly prepared via 
mctal·catalyzed N·arylation' of N-H h.etcroarencs using myl 
h.alides,' arylboronic acids,' or aryllcad9 rcagcnts. However,lcad 
reagcnts a.rc highly taxie, and othcr mcthods somctimcs rcquire 
cxtendcd rcat'tion times, super-~'toichiomctric amoun ts of 
catalyst or costly ligands to obtain good yields. Conscqucndy, 
new procedures thut lcad to the facile installation of dcnscly 
functionalized aryl groups on azotes and diazolcs arc still 
desirable. 
Ovcr the past ycars, wc have discloscd a portfolio of reactions 
for the formation of G-C,'" C-N," and C-001 bonds using 
organobismuth reagents. Organobi smuthanes can be prepared 
from inexpensive and non·toxic bismud1 sales and offcr mild 
reactivhy that toleratcs the presence of numerous functional 
groups 011 both the substrate and the organometallic species." 
Barton and ~1nct reported in 1988 the use of triphenylbismuth· 
bis·trifiuoroacccaœ in the arylation of indole A (Sch.eme 1).•• 
Département de chimie, Unili~Nil~ du Québcr Il Mo11tréal, C.P. $R81/, Suce. 
Ceillrc-Vllle, AfQntréol, Quélxc. H3C 3P8, Canada. B· mail: gaptollal~xottdrè@ 
uqam.ca 
t E:Je-ctrollic supplt.>mentary infonnution (ES1) :waHablc. CCOC ~R62t0. F'or ESI 
ond e rysmllopophlc data ln CJJ.' or ot.her c lcc1.ronic fo rmat sec DOl: 
10.10J9!C~trn02A67b 
Howcver, the mcthod was applicd exclusive !y to the transfer of 
an unsubstitutc..::l ph.enyl group and rcquircd the use of a 
pentavalent bismuth specics, which is less stable chan its 
trivalent counterpart. More importantly, C.1·aryl ation was 
obscrvcd in most cases, excepr when the C3 position was 
blocked by an al!..yl group orwhen an esterwas present at d1e C2 
position of indole. 
ln 1996, Chan publisht..::l a variation of a prococol disclosed 
by Sarton and Pinet," in wh.ich trivalent bismuth.anes are used 
to N·arylate nitrogenated compounds (Scheme 1)." White this 
method is very useful, it suffers from multiple limitations as it 
rcquiœs up to 2.0 equivalents of th.e OJb'llllObismuth rcagent, 1.5 
equivalents of the copper C'oita lyst and readion ti mes chat are as 
long as 72 hours. Moreover, the method was not applied to 
indoles, indazoles, pyrazok-s, or pyrroles, but rather to type C 
compounds, in wh.ich the nitrogt•n atom is eonnectt>d to a 
carbonyl functional grou p. Finally, functional group tolerance 
was not demonstrated, as only simple arylhismuthanes wcrc 
coup led wit.h. suhstratcs bearing no functionalities. 
~tfnJL 
\4)1:)0Qn 
BM"Iott ,~, 
0 .VaSI(\IPIOl.O~ o 
YÂf~t' -~OI.a~~ff/'~ \'J.. II" .Rt 
H C/l~~tt~ 
e 
Y• At, R, C(O), 
""'·""' 
·~·~ 
•nQN;CIMOI~ 
·~~I'Wif'ldcuppjf 
·~--11!'d~•l)ll~ody 
·l'lO~~mlhel\ltllfnMJ 
Scheme 1 Comparison of our N-arylation reaction with precedents in 
the literature. 
FISC Mv, 2014, 4. 22255-22259 1 22255 
RSC Advances 
Wc report herein the first methocl for the N·arylation of 
azoles and diazolcs E using highly functionalized trivalent 
bismuth rea gents and promoted by catalytic amou ms of coppcr 
acetate. The proœdure exclusively genemtes the N·arylation 
product and shows exccprional functional group tolerance on 
both coupling partners. The procedure is also applied. to the N· 
arylation of tryptophan derivatives to afford. N·arylindolyl 
proclucts. 
we began by optimizing the conditions for the phenylation 
of methyl ind.ole-5-c-arboxylate 1 using the Barton-Finet-Chan 
prococol ("l'able 1)."· .. Upon reacting 1.0 equivalent of triphe-
nylbismuth with indole 1 in the presence of 1.5 equivalents of 
coppcr acetate and 3.0 equivalents of pyridine under air, wc 
obtained the N·arylated product 2 regioseleetively in quantita· 
rive yield. (entry 1). This result is interesting and important for 
tw0 reasons. Firsc, co che bcst of our knowledge, this is the first 
time that trivalent organobismuth reagents are used directly in 
the N·arylation of indoles, ellminating dte nced to prepare me 
Jess stable bis·trifluoroaeerate species. Second, in eontrast wich 
triphenylbismuth·bis·trifluoroacctate, the process involving 
triphenylbismuth leads exclusively to N·arylation, as opposed co 
C3·arylation. Using0.7 equivalent of the organobismuth spt'Cies 
resulted in a 25% deerease in the yield of me reaction, sug· 
!,'CSting that only one phenyl group t'lin be transferred from the 
organobismuch species during the reaction (entry 2). 
ln order to devclop a more efficient protocol, we next sought 
co redut-ethe cataly~t loading. Unforrunately, the use of a stol· 
chiometric amount of coppcr acetate led to a significant 
decrease in the yield of the reaction (entry 3), motivating us to 
revisit ocher parameters of the reaction. Changing the base to 
trierhylamine proved inconsequcntial (entry 4), but an 
Tablel Optimizatioo of reaction conditions for tne N-phenylation of 
methyl-indole·S · carboxylate 1 using triphenylbismuth 
0 0 
woW -("'""") w ~'ifJ~~- ""' 1 : 
, ;, SoiYeN. etmc~Sphere 5Q"'C, o.n. 2. 
./ 
Ph3ni Cu(OAc)1 
Enuy (xequiv.) (y equiv.) Base Solve nt A lm. Yield0 (%) 
1.0 1.5 Pyridù1e CH2Cl2 Air 99 
~ 0.7 1.5 Pyridine CH1CI, Air 74 
1.0 1.0 Pyridine CH, CI, Air 45 
1.0 1 .0 F.t,N CH,CI, Air 45 
5 1.0 1.0 Pyridine Cli..CN Air 76 
6 1.0 1.0 Pyridine CfiLCh o, 96 
7 1.0 1.0 Pyridine CH, Cl, Ar 47 
8 1.0 0.1 Pyridine CH2CI1 o, 99 
9 1.0 0.05 Pyridîne CH1CI2 o, 45 
tu' 1.0 0.1 Pyridine CH2CI1 o, 96 
11 1.0 0.1 Pyrid ine TH!' o, 82 
12 J.O 0.1 Pyridine DME o, 57 
13 1.0 0.1 Pyridùte CH.,CN o, 54 
• lsolated yield of pure product 2. • Reocùon perfonned with 1.0 equiv. 
of base. 
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i mprovcmcnt in the yicld of the reat-tion was obse.rvccl on. 
conducting the reaction in acetonitrilc (entry s). we rt'CCntly 
rcportcd the beneficiai cffect of oxygen du ring our stud.ics on 
the O·arylntion of phenols using trivalencorganobismuthancs." 
Thercfore, we next investig-atcd the use ofoxy~,'Cn as the reaction 
atrnospherc and obscrved a near quantitative yicld for the 
formation of 2 (cntry 6). To furthcr valiclate che imponance of 
oxygen, W!' pcrforrned the reaction und.er argon and observed a 
yicld similar to wh en the reaction was run under amblent air, 
thus confirming the positive effect of oxygen on the reaction 
(entry 7 vs. 3). Eneouraged by this observation, we then gradu· 
a lly lowered cheamountof catalyst and found that the yield was 
retained upon using 10 mol% of eoppcr acetate (entry 8). 
However, reducing dte loading furthcr was not roleratcd and 
produccd only a modest yicld of the dcsired N·phenyl indole 2 
( entry 9). Although Barton reported that the exclusion of oxygen 
led to a negative impact on the arylation of amines with trivalc.nt 
organobismuthanes," the possibility of lowering the copper 
acetate loading by performing the reaction under pure oxygen 
was notdcmonstrated. lt is likely thatthe role of the oxygen is to 
oxidize the copper species with lower valency, which are 
!,'Cnerated during the reaction, to the +2 oxidation stace. To 
minimize the amou ne of base, we performed che reaction using 
1.0 equivalent of pyridine and. still obtained a near quantitative 
yield of product 2 (entry 10). The exploration of non·haloge· 
nated solvents (entries 11-13) led to the identification ofTHF as 
the best alternative to d.ichloromethane. Using our optimal 
conditions, we next explored che impact of varying the steric 
and clet-tronic propertics of the Ofb>anobismuchane on the yield 
of the arylation reaction. The funetionalized Or!,'li.I\Obismuthanes 
, ~. 
0)) 
.. 
fig. 1 Functionalized o rganobismuthanes 3a-q used in the N·ar)"la· 
tien of azoles and diazoles_ 
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nceded for this study {Fig. 1) wcre prcpared according to proet.~ 
dures th at wc prcviously rcported. '"'·" 
Our studies show thar the transfer of para and meta·tolyl 
groups procecds efficiently, dclivering the corrcsponding 
products 4a and 4b in excellentyields (Scheme 2). The transfer 
of the more sterically hindered ortho·tolyll,'TOup proved more 
challenging and required a nigher catalyst loading to provide 
the desir<.'<! product 4<: in an acceptable yield. Wrule iris difficult 
to establish aclear correlation becween the eleccronic properties 
oftheorganobismuthane and the yield of the arylation reaction, 
the resul ts obtained to date demon strate that good yields are 
afforded by usingtriarylbismuthanes substituted with electron· 
donating (4a, b, d) and electron·withdrawing (4e-h) groups. 
lnterestingly, a 2,6-dimethylphenyl unirwas insralled on indole 
1 using our conditions, although with a modest yield 
(compound 4i). Note that very fcw methods exist for the transfer 
of this highly hindered group." 
rn arder to further expand ù1c functional group tolerance, wc 
prepared th ree new bismuth reagents by perfonning a func-
tional group manipulation direetly on selected organo-
bL~muthanes. As illusrrated in Scheme 3, triarylbismuthanes 3r 
and 3s, bea ring alcohol funetional groups, were synthesized by 
Grignard addition on tne ester 3p and on the aldehyde 3m, 
respcctivcly. Thesc groups are important in medicinal chcm· 
istry as the presence of an alcohol group con trois the 
4&:R · ~~7!1) 
4b: R • m-Me (87%) 
4C. ~ • o-f.t& (Z4%,T3%• 
~;R•~(!'i1'1t) 
4e: R • m-OMe (4K} 
· A 4f:R• p-F"(68'1.) 
4g' R.a,...,(fi!il%) 
.4h:Rt3~(~) 
.. : R • 2.8-<tiMitf19%) 
Scheme 2 Steric and electronic effects of organobismuthane on the 
N·arylation of l • Alternative conditions were employed for 
comptxJnd 4c: Ar,Bi (1.0 equiv.l. Cu(OAc), (1.0 equivJ. pyridine (3.0 
equiv.). CH2CI2• 0 2• 50 •C. 12 h. 
Scheme 3 Preparation of highly tunctionalized organobismuthanes 
by functional group manipulation. 
RSC AdVances 
lipophilicity (log D) of arylated proclucts that are gencratecl in 
the ncxt step. A Homcr-r::mmons-Wadsworth reaction was also 
pcrfonned on 3m ro furnish the cinnamyl ester 31. This func-
tional group is also frequently founcl in numerous bioa~-rive 
cornpounds. 
The scopc of the reaction was then srudied by arylating 
different azoles and diazoles 5 using highly fun~-rionalizL-d tri· 
8l)'lbismuthanes 3a-t (Scheme 4). Our investigations reveal that 
the rea~"tion proœl'<ls smoothly on indoles (6a-o), pyrroles (6p, 
q), and pyrazo les" (6r, s) tO afford the desired N·arylated 
producrs in good to excellent yields. These resulrs also suggL'St 
that the substitution pattern of the indole has little impact on 
the outcome of the reat-rion. However, using our conditions, we 
were not able to arylate 7·mcthylindole, possibly due to the 
deve lopmenr of a strong 1,3·allyliNypc serain during ù1e 
formation of the product. In the case of pyrawle 6s, the product 
of arylation on the nitrogen distal to the tolyl group was 
obtained, as confirmed by NMR studies. lmportantly, the 
procedure toleratcs a widc variety of functional groups on the 
azole such as aldehydes (6a-c), nitriles (6d-f), O·acetates (6g), 
nitro groups {6m), amides (6n , o), and ketoncs (6p, q). Note that 
N 
17~(C} -· 
cJ 
~·~ 
0 
"'Jr .. 
0 '""'"1 
~a\~ • .ORT 
--6·~ 
0 
o3" " H 
.. 
.... lA> 
6:> 
[)y ... 
Y '" 7..,.{1\) 
"""' 
0 ~~. 
"' 76'1r.(A.) 
-Co 
.. 
M ,.(C) 
.. 
69%(A) 
oc 
eoojJ 
0 -
.. 
.... 
OU. -43%(C) 
Mo() Cu, ... H ($.] 
.'j ~v_·?:;Y 
" "-.. . ._/ ...... 
.... (Cl 70001C> ) r<>a 
Scheme 4 N-Arylation of azoles and dia zol.es 5 using functionaüzed 
triarylbismuthanes 3a- t. • Condition A: Ar,Bi llO equiv.J. Cu(OAclz (0.1 
equiv.l. pyridine (LO equiv.), CH,Ct,, o,. 50 ' C; condition B: Ar3 Bi (1.0 
equiv.l. Cu(OAclz (0.1 equiv.), pyridine (3.0 equiv.l, CH20z. Oz. 50 ' C; 
condition C: Ar, BI (1.0 equiv.l. CuCOAcl2 (1.0 equiv.l. pyridine (3.0 
equiv.). CH2CI2• 0 2. 50 •c. 
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f"'i'•' .....,.. N• i"Y' "~1ft tt~,/ · tt~,/ 
0 "' 0 0 
' 
.. ... 
Scheme 5 N-Arytation of lH-indazole-6-carbaldehyde 7. • Condi-
tions: (p-F(,;HJ3Bi (1.0 equiv.l. Cu(0Ac)2 11.0 equiv.). pyridine (3.0 
equiv.), DCM, 50 •c. o., o .n.: • ORTEP diagram of compound Sb: 
thermal ellipsoids are shùwn at the 50% probability level 
t..:PG •eoc 
lb:PG•Fmoc. 
10.· PO • 90C {1'7%) 
10b PG • Fmot{80%l 
Scheme 6 N-Arylation of tryptophan derivatives 9a, b . 
bromides (6h, i), and iodides (6k), which could be expected ro 
interfere in the direct N-ruylation of azoles with aryl halides, 
v.oere found to be inert under these conditions. Numerous 
funcûonal groups can also be presen t on the organobismu th 
reagents, such as acetals (fia, rn, n), fluorides (6b, c), aldehydes 
(6f, p), esters (6i), ethers (6q, s) and 11.,~-unsaturated esters (6k). 
!nrerestingly, we found that an aleohol can be present on the 
substrace (6j , 1) or on the arylbismuch reagent (6r) without 
undergoing 0 -arylation; moreover, a secondary amide is not 
arylated under these t'Onditions (6n). La~'tly, a tyclo-
propylphenyl (6e) and a trifluoromethylphenyl (6g') group v.oere 
efficiemly transferred using this method. These groups are 
imporrant in medicinal chemistry as they show increased 
mecabolic stabiliry rompared co typical al kyi groups. •• 
The N-arylation of indazoles was next evaluated, kœping in 
mind chat a mixture of regioisomers resulting from arylation at 
N1 and N2 is often obraint'<l with other methods. '""" Wh en 1H-
indazole-6-<.'3rbaldehyde 7 was subjected to our conditions, the 
prod uct 8a generated from the arylation of N1 was predomi-
nantly formed (Scheme s). The structure of the minor 
regioisomer 8b obtained from the arylation of N2 was estab· 
lisht'Cl by X-ray crystaliO!,'l'aphy. 
Derivatives of tryptophan are important in medicinal 
chemisrry as these species I!JC involved in numerous biological 
processes and diseases." The post·~-ynthetic modifit'3tion of 
peptides rontai ning tryptophan residues has also found appli-
cations in chemical biology. " To the be&t of our knowledge, very 
few methods for the N·arylation of tryptophan derivatives have 
becn reported in the literature."" Notably, Boe- and Fmet'pro-
cected tryptophan derivatives 9n and 9b wt're smoor:hly N·ary-
lated using our protocol co selectively providc the N-indolyl 
derivatives lOn, b in !,'OOd yit'ld (Schcmc 6)." 
Conclus ions 
ln summruy, we have developed an efficient and general 
method for the N-ruylation of indoles, indazoles, pyrroles, and 
22258 1 RSC fldv.. 2014, 4. 22255-22259 
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pyrazolcs that proœeds clirc<:tly using highly functionalized 
trivalent org'.anobismuch reagents. The transformation is 
promoted by catalytic amounrs of coppcr acetate and toleratcs 
an cxœptional diversity of functional groups on both coupling 
partncrs, giving access to h ighly functionalizcd azolcs. The 
protocol was also applicd to the N-arylation of tryptophan 
derivatives. Applit-ation of this methodology to other a rylation 
reactions, including amino-acids and tryptophan-t'Ontaining 
peptides, is in progress in our laboratory and the resul ts will be 
rcported in due course. 
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t. General information 
Unless otherwise indicated, all reactions were run uoder argon in non-flame dried glassware. For 
reactions performed under oxygen, 99.6% extra dry oxygen was used. Uoless otherwise stated, 
commercial reagents were used without further purification. Grignard reagents were prepared by 
conventional methods using metallic magnesium or via Knochel 's procedure.1 Triphenylbismuth 
was prepared according to Barton et a/.2 Triarylbismuthanes were prepared accordiog to 
procedures that wc previously reportedY Anhydrous solvents were obtained using a MBRAUN 
(mode! MB-SPS 800) eocapsulated sol vent purification system. The evolution of reactions was 
monitored by analytical thin-layer chromatography using silica gel 60 F254 precoated plates. 
Flash chromatography was performed employing 230-400 mesh silica (Silicycle) using the 
indicated solvent system according to standard techniques.5 Melting points were taken on an 
Electrothermal Mel-TEMP and are uncorrected . Nuclear magnetic resonance spectra (1H, 13C) 
were recorded on a Bruker Avance-III 300MHz spectrometer. Chemical shifts for 1H-NMR 
spectra are recorded in parts per million from tetramethylsilane with the solvent resonance as the 
internai standard (chlorofonn, ô 7.27 ppm). Data are reported as follows: chemical shift, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, qt = quintuplet, dd = doublet of 
doublet, m = multiplet), coup ling constant Jin Hz and integration. Chemical shifts for 13C spectra 
are recorded in parts per million from tetramethylsilane using the central peak of 
deuterochlorofonn (ô 77.16 ppm) as the interna! standard. IR spectra were recorded on a Thermo 
Scientific Nicolet 6700 PT-IR from thin films and are reported in reciprocaJ centimeters (cm-1). 
HRMS wcre perfonned at Université du Québec à Montréal (nanoQAM center) on Agilent 
Technologies, LC 1200 Series 1 62 10 TOF LCMS analyzer using the electrospray (ESf) mode. 
_j 
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2. Triarylbismuthane-s used in the N-arylation reaction of azoles and diazoles 
The organobismuthanes used in this publication are illuslrated in Figure Sl. 
Q Q y 
~Bi~ 
v v 3a 
~Bi~ ~ -~ 3b. 
~Bi '!(Y 
v v 3c 
6 (YF y 
O Bi o 'h F F 
OEI 
~OEt 
OEI y OEI 
EtO~BidOEI 
3k•·b 
MeOQOMe 
!"' 
h 
{Y Bi~ MeO~ ~OMe 
OMe 30 OMe 
Ho l"' 
h 
N Bil(l HO~ Jr ~OH 
3g• 
OH 
~ 
OH y OH 
~BI~ 
v v 
3s 
OMe 
Q 
O BI O l h MeO Je OMe 
3d• 
Figure Sl. Functioualized organobismuthanes uscd in this publication. a The synthesis of these 
organobismuthanes bas been reported in P. Petiot and A. Gagnon, Eur. J. Org. Chem., 2013 
5282; " The synthesis of these organobismuthanes has been reported in C. Crifar, P. Petiot, T. 
Ahmad ru1d A. Gagnon, Chem. Eur. J 2014,. 2755. 
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3. Syntbesis of triarylbismutbanes 
Triphenylbismuth was synthesized according to Barton et al. (D. H. R. Barton, N. Y. Bhatnagar, 
J.-P. Finet and W. B. Motherwell, Tetrahedron, 1986, 42, 3111). Triarylbismuthanes 3b, 3d, 3f, 
3g, 3k, 3m 3p and 3q were synthesized according to P. Petiot and A. Gagnon (Eur. J Org. 
Chem., 2013, 5282) and C. Crifar, P. Petiot, T. Ahmad and A. Gagnon (Chem. Eur. J. , 2014, 
2755). The procedure for the preparation of organobismuthanes 3c 3e, 3b, 3i, 3j , 31, 3n, 3o, 3r, 
3s, and 3t is described below. 
a) General procedure for the synthesis of substituted triarylbismutbanes 
A 
THF, o·c to r.t. 
theo reflux 
Ç-R 
cr.Biû R- 1 '-"'-R . ~ 3 
In a flask equipped with a magnetic stir bar and a condenser bismuth chloride (500 mg, 1.6 
mmol) was dissolved in anhydrous THF (23 mL) under argon and was cooled to - l0°C 
(icelacetone bath). The organomagnesium reagent A (5.23 mmol) was slowly added dropwise 
under argon. The reaction mixture was stirred at room temperature for one hour and heated at 
65°C for 30 minutes. After cooling to r.t., the solution was diluted with sat. aq. NaHC03 (lOO 
mL) and extracted with EtOAc (2 x 100 mL). The combined organic phases were washed with 
sat. aq. NaHC03 (2 x 100 mL), sat. aq. NaCI (2 x lOO mL), dried over Na2S20 4, filtered and 
concentrated under reduced pressure. The crude product was purified by column chromatography 
using the indicated sol vent system to afford the desired triarylbismuthane 3. 
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Tris(3-methylphenyl)bismutbine (3c) 
The general procedure was followed on a 2.4 mmol scale starting from bismuth chloride and 3-
tolylmagnesium bromide. The crude material was purified on silica gel (5% EtOAc/hexanes) to 
afford tris(3-methylphenyl)bismuthine (3c) as a white solid (1.0 g, 87%); m.p. 64-66°C. Spectral 
data was identical to literature compound6: 1H-NMR (300 MHz CDC13) o 7.61 (s, JH), 7.55 (d, J 
= 7.5 Hz IH), 7.31-7.29 (m, 1 H) 7.13 (d, J = 7.4 Hz, 1 H), 2.31 (s, 3H). 
Tris(4-methoxypbenyl)bismuthine (3e) 
OMe Q 
O Bio l ho MeO OMe 3e 
The general procedure was followed on a 4.4 mmol scale starting from bismuth chloride and 4-
methoxyphenylmagnesium bromide. The crude material was puri fied on silica gel ( l 0% 
EtOAc/hexanes) to afford tris(4-methoxyphenyl)bismuthine (3e) as a white solid (1 .8 g, 78%): 
m.p. 70-74°C. Spectral data was identical to Jiterature compound6: 1H-NMR (300 MHz, CDCb) o 
7.62(d,J= 8.5Hz 2H) 6.92(d J = 8.5Hz, 2H), 3.79(s, 3H). 
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Tris(3-fluorophenyl)bismuthine (3h) 
1 "" 1 "" 
FVBIVF 
h h 
Jh 
The general procedure was followed on a 2.5 mmol scale starting from bismuth chloride and 3-
fluorophenylmagnesium bromide. The crude material was purified on silica gel (5% 
EtOAc/hexanes) to afford tris(3-tluorophenyl)bismuthine (3h) as a white sol id (l.O g, 8 1 %); m.p. 
69-73°C. Spectral data was identical to 1iterature compound7: 1H-NMR (300 MHz, CDC13) o 
7.50-7.39 (m, 3H), 7.06-6.99 (rn, 1H). 
Tris(3,5-difluorophenyl)bismuthine (3i) 
l "" FY F 
h 
F~BIÎÎY F y y 
F 31 F 
The general procedure was followed on a 2.7 mmol scale starting from bismuth chloride and 3,5-
difluorophenylmagnesium bromide. The crude material was purified on silica gel (5% 
EtOAc/hexanes) to afford tris(3 5-difluorophenyl)bismuthine (3i) as a yellow solid (1.1 g, 74%): 
m.p. 100-104°C; R1 0.68 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCI 3) S 7.57-7.52 (rn, 
2H), 7.10-7.03 (rn, IH}; 13C-NMR (75 MHz, CDCl3) o 167.5 (d, J = 9.8 Hz), 164.2 (d, J = 9.8 
.Hz) 119.7 (dd, J = 15.9, 6.4 Hz), 104.6 (t, J = 24.8 Hz); IR (neat) 3088, 1582, 1410, 1263 , 1116; 
HRMS (ESI) calcd for C 1sH9BiF6: 548.0412, found 593.0395 (M+HC02) . 
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Tris(2,6-dimethylpbenyl)bismuthine (3j) 
3j 
The general procedure was followed on a 2.5 mmol scale starting from bismuth chloride and 2 6-
dimethylphenylmagnesium bromide. The crude material was purified on silica gel (5% 
EtOAclhexanes) to afford tris(2,6-dimethylphenyl)bismuthine (3j) as a white solid (1.1 g, 84%): 
m.p. 128-130°C; R1 0.80 (20% EtOAclhexanes); 1H-NMR (300 MHz, CDCI3) ô 7.14-7.10 (rn, 
3H), 2.34 (s, 6H); 13C-NMR (75 MHz, CDCI3) ô 159.4, 146.0 128.3, 127.9 28.1; IR (neat) 
3045, 2960, 2918, 1442, 763. 
Tris(3-cyclopropylphenyl)bismuthine (31) 
çr 
~BI~ 
31 
The general procedure was followed on a 0.31 mmol scale starting from bismuth chloride and 3-
cyclopropylphenylmagnesium bromide. The crude material was puri fied on silica gel (1 0% 
EtOAc/hexanes) to afford tris(3-cyclopropylphenyl)bismuthine (31) as a colorless oil (151 mg, 
87%): R1 .0.71 (20% EtOAclhexanes); 1H-NMR (300 MHz, CDCh) 8 7.53-7.47 (rn, 2H), 7.30-
7.25 (rn, 2H), 7.01 (d, J = 7.9 Hz, 1 H), 1.87-1.81 (rn, 1 H), 0.95-0.88 (rn, 2H), 0.65-0.61 (rn, 2H)· 
13C-NMR (75 MHz, CDCI3) ô 155.1 145.8, 135.0, 134.8, 130.4, 125.1, 15.6, 9.5; iR (neat) 3078, 
3039, 3001 , 1589, 1560. 
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Tris(3-trifluoromethylphenyl)bismuthine (3n) 
The general procedure was followed on a 4.4 mmol scale starting from bismuth chloride and 3-
trifluoromethylphenylmagnesium bromide. The crude materia1 was purified on silica gel (15% 
EtOAc/hexanes) to afford tris(3-trifluoromethy1pheny1)bismuthine (3n) as a yellow oil (2.7 g, 
95%): R10.56 (20% EtOAc/hexanes); 1 H-NMR (300 MHz, CDCI)) o 8.02 (s, lH), 7.90 (d, J = 7.3 
Hz, lH), 7.63 (d,J = 7.9 Hz, 1H), 7.58-7.53 (rn, IH); 13C-NMR (75 MHz, CDCI3) ô 156.2, 140.8 
(d, J = 1.2 Hz), 133.9 (q J = 3.8 Hz), 132.8 (q, J = 31.8 Hz), 131.2, 125.3 (q, J = 3.8 Hz), 122.5; 
IR (neat) 3051 , 2959, 1592, 1319, 1308, 1114, 1070; HRMS (ESI) calcd for C21H12BiFg: 
644.0599 found 689.0592 (M+HC02). 
Tris( 4-( dimethoxymethyl)phenyl)bismuthine (3o) 
MeOQOMe 
l "" 
h 
Bi 
MeoyV ÛyoMe 
OMe 30 OMe 
The general procedure was followed on a 3.2 mmol scale starting from bismuth chloride and 4-
(dimethoxymethyl)pheny1magnesium bromide. The crude materia1 was purified on silica gel 
(20% EtOAc/hexanes) to afford tris(4-(dimethoxymethyl)phenyl)-bismuthine (3o) as a yellow oil 
(2 .1 g, quant.): R1 0.32 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) ô 7. 73 (d J = 8.0 Hz, 
2H) 7.44 (d, J = 7.8 Hz, 2H), 5.35 (s, lH) 3.34 (s, 6H); 13C-NMR (75 MHz, CDC13) ô 155.4, 
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137.7, 137.5, 128.8, 103.4, 52.9; IR (neat) 2988, 2934, 2903, 2827, 1348, 1207, 1180, 1096, 
1048. 
b) Procedures for the synthesis of functionalized organobismutbanes by functional group 
manipulation 
4,4' ,4"-Bismuthylidyne tris( cx.,a.-dimetbylbenzenemethanol) (3r) 
ç 
~Bi~ 
MeO,C~ ~C02Me 3p 
A solution of tris(4-carbomethoxypbenyl)bismuthine 3p (lOO mg, 0.2 mmol) in anhydrous THF 
(5 mL), was cooled to - 1 ooc (acetone/ice bath) and methylmagnesium bromide (0.6 mL, 1.2 
mmol 2M in THF) was added slowly. The reaction mixture was heated at 65°C for 2h, then 
cooled to r.t. , transferred over aq. sat. NI-LtCI (50 mL) and extracted with EtOAc (10 mL). The 
organic layer was washed with sat. aq . NH4Cl {10 mL) and sat. aq. NaCI (3 x 10 mL), dried over 
sodium sulphate, filtcred and concentrated tmdcr reduced pressure. The crude material was 
purified on silica gel (20% EtOAc/hexanes) to afford 4,4' ,4" -bismuthylidyne tris[ a , a-
dimethylbcnzcnemcthanol] (3 r) as a colorless oil (103 mg, 84%): R10.53 (20% EtOAclhcxanes); 
1H-NMR (300 MHz, CDC!)) 8 7.72 (d J = 7.8 Hz, 2H), 7.49 {d, J = 7.7 Hz, 2H) 2.15 (s(br), JH), 
1.56 (s 6H); 13C-NMR (75 MHz, CDCI3) 8 152.8, 148.7, 137.5, 126.6, 72.6, 31.7; IR (neat) 
3375, 3063, 2973, 2925 2851 , 1384 1169. 
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3,3' ,3"-Bismuthylidyne tris[a.-methylbenzenemethanol] (3s) 
3m 
MeMgBr 
THF. -10"C 
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A solution of tris(3-fonnylphenyl)bismuthine 3m (400 mg, 0.8 mmol) in anhydrous THF (10 
mL), was cooled to - l0°C (acetone/ice bath) and methylmagnesium bromide (0.83 mL, 2.5 
mmol, 3M in TI-IF) was added slowly. After JO minutes, the reaction mixture was diluted with 
aq . sat. NH4CI (50 mL) and extracted with EtOAc (20 mL). The organic layer was washed with 
sat. aq. NaHC03 (15 mL) and sat. aq. NaCl (3 x 15 mL), dried over sodium sulphate, filtered and 
concentrated under reduced pressure. The crude material was purified on silica gel (40% 
EtOAc/hexanes) to afford 3,3 ' ,3 " -bismuthylidyne tris[ a.-methylbenzenemethanol] (3s) as a white 
solid (384 mg, 84%): m.p. 78-83°C; R10.32 (80% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) 
8 7.81 (s, 1H), 7.66 (d, J = 7.0 Hz, IH), 7.40-7.30 (m, 2H), 4.88-4.81 (rn, IH), 1.47-1.43 (rn, 3H); 
13C-NMR (75 MHz, CDC13) 8 155.6, 147.6, 136.6, 134.6, 130.4, 125 .1, 70.3 25.1· IR (neat) 
3348, 3045, 2972, 2869, 1412, 1264; HRMS (EST) calcd for C24H27Bi03: 572.1764, found 
617.1745 (M+HC02). 
Tris(3-((E)-2-propenoic acid ethyl ester)phenyl)bismuthine (3t) 
0 
Br Il ~OEt 
~co,Et 
y 
EtO,C'VBi v CO,Et 
-:Y 1 "" 1 "" 
h h 
31 
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A solution of PPh3 (1.1 g, 4.3 mmol) in sat. aq. NaHC03 {25 mL) was stirred at r.t. , then tris(3-
formylphenyl)bismuthine 3m (500 mg, 0.9 mmol) and ethyl bromoacetate (0.58 mL, 5.2 mmol) 
wcre added. The reaction mixture was stirred for 2h, acidifted with aq. HCI lM (5 mL) and th en 
diluted with EtOAc (10 mL). The organic layer was washed with sat. aq. NaCl (3 x JO mL), dried 
over sodium sulphate, filtered and concentrated under reduced pressure. The crude material was 
purified on silica gel (15% EtOAc/hexanes) to afford tris(3-((E)-2-propenoic acid etbyl 
ester)phenyl)bismuthi.ne (3t) as a yellow oit (519 mg, 79%): RJ 0.21 (20% EtOAc/hexanes); 1H-
NMR (300 MHz, CDCI3) o 7.89 (s, lH), 7.73 (d, J = 7.2 Hz, lH), 7.63 (d, J = 16.1 Hz, 1H), 7.53 
(d, J = 7.7 Hz, IH), 7.44 (t, J = 7.4 Hz, IH), 6.36 (d J = 16.0 Hz, IH), 4.25 (q, J = 7.1 Hz, 2H), 
1.32 (t, J = 7.1 Hz, 3H); 13C-NMR (75 MHz, CDCI3) o 166.8, 156.1, 144.5, 139.3 137.3, 136.6, 
131.2, 127.6 118.7, 60.5, 14.4; IR (neat) 3042, 2980, 2902, 1703, 1633, 1304, 1164; HRMS 
(ESI) cal cd for C33H33Bi06: 734.2081 , found 779.2076 (M+HC02). 
4. General procedures for the N-arylation of azoles and diazoles 
Compound 2 4a-i, 6a-s, 8a,b and lOa,b were prepared according to the following procedures: 
FG·("· -~z 
' :::..·.!!_ N. 
.H 
1, s. 7, 9 
(1 .0 equiv) 
Method 
A 
B 
c 
FG'- r-?) ~FG' ~Bi~ Cu(OAc)2 (x equiv) 
~ --~P~id i~ne~(~y~~~u~ivT)-. 
V FG' DCM, 0 2, so·c. o.n. 
3 
(1 .0 equiv) 
Azole Ar3Bi (5) Cu(OAc)2 Pyridine 
(n equiv) (rn equiv) (x equiv) (y equiv) 
1.0 1.0 0.1 1.0 
1.0 1.0 0.1 3.0 
1.0 1.0 1.0 3.0 
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Method A: ln a sealed tube, triarylbismuthine (1.0 equiv) was added, followed by copper (II) 
acetate (0.1 equiv) and the azole or diazole (1.0 equiv). The reagents were dissolved in anhydrous 
dichloromethane (4 mL) and pyridine (1.0 equiv) was added to the mixture. The reaction tube 
was purged by bubbling dry oxygen in the solution for 30 seconds. The tube was sealed and 
heated at 50°C overnight. The reaction mixture was cooled to r.t. and transfcrred in a round 
bottom flask. Silica gel was added and the mixture was concentrated under reduced pressure. The 
crude product was purified by flash column chromatography on silica gel using EtOAc/hexanes 
as the eluent to give the correspondi.ng product. 
Method B: Idem as method A except for pyridine (3.0 equiv instead of 1.0 equiv). 
Method C: Idem as rnethod A except for copper (II) acetate (1.0 equiv instead of 0.1 equiv) and 
pyridine (3 .0 equiv instead of 1.0 equiv). 
1-Phenyl-lH-indole-5-carboxylic acid rnethyl ester (2) 
Method A was followed on a 0.29 rnmol scale starting from methyl l H-indole-5-carboxylate and 
3a. The crude product was purified on si lica gel (15% EtOAclhexanes) to afford 2 as a yellow oil 
(70 mg, 96%). Spectral data was identical to literature8: 1H-NMR (300 MHz, CDCb) ô 8.35 (s, 
lH), 7.82 (dd, J = 10.2, 1.7 Hz, 1 H), 7.44-7.36 (rn, 5H), 7.3 1-7.27 (m, 2H), 6.67 (d, J = 3.2 Hz, 
lH), 3.84 (s, 3H). 
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1-(4-Methylpbenyl)-lH-indole-5-carboxylic acid methyl ester (4a) 
Method A was followed on a 0.29 mmol scale starting from methyl IH-indole-5-carboxylate and 
3b. The crude product was purified on silica gel (10% EtOAc/hexanes) to afford 4a as a yellow 
sol id (67 mg, 87%): m.p. 90-92°C; R1 0.66 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) ô 
8.44 (d J = 1.5 Hz, lH) 7.90 (dd, J = 8.8, 1.7 Hz, 1H), 7.50 (d, J = 8.7 Hz, lH), 7.40-7.32 (rn, 
5H), 6.75 (d, J = 2.8 I-Iz, 1H), 3.94 (s, 3H), 2.45 (s, 3H); 13C-NMR (75 MHz, CDCh) o 168.1, 
138.5, 137.1 , 136.8, 130.4, 129.7, 128.8, 124.5, 124.2, 123.7 122.3, 110.3, 104.6 52.0, 21.2; IR 
(neat) 3105, 2938,2835, 1721 , 1709, 1698, 1606, 1523, 1519, 1514, 1446, 1434, 1335, 1311 , 
1270, 1228, 1197; HRMS (ESI) cal cd for C11H 1sNOz: 265.1103, found 266.1170 (M+H). 
1-(3-Methylphenyl)-lH-indole-5-carboxylic acid methyl ester (4b) 
0 
MeO~ V-N"> 4bb-
Method A was followed on a 0.29 mmol scale starting from methyl 1H-indole-5-carboxylate and 
3c. The crude product was purified on silica gel (1 0% EtOAc/bexanes) to afford 4b as a yellow 
oil (67 mg 87%): R[0.52 (20% EtOAc!hexanes)" 1H-NMR (300 MHz, CDCb) o 8.35 (d J = 1.5 
Hz, lH), 7.82 (dd J = 8.8, 1.6 Hz, IH), 7.43 (d, J = 8.8 Hz IH), 7.33-7.26 (rn, 2H), 7.19-7.17 
(rn, 2H), 7.1 0 (d, J = 7.6 Hz, 1H) 6.65 (d J = 3.3 Hz, 1H), 3.84 (s, 3H), 2.35 (s, 3H); 13C-NMR 
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(75 MHz CDCh) ù 168.1, 139.9, 139.2, 138.4, 129.6, 128.9, 127.9, 125.2, 124.2, 123.7, 122.4, 
121.7, 110.3, 104.7 52.0, 21.5; rn. (neat) 3105, 2946, 2835, 1709, 1693, 1605, 1445, 1432, 1334, 
1270, 1230, 1191 ; HRMS (ES!) calcd for C17H 15N02: 265.1103, found 266.1177 (M+H). 
1-(2-Methylphenyl)-lH-indole-5-carboxylic acid methyl ester (4c) 
Method A was followed on a 0.29 mmol scale starting from methyl IH-indole-5-carboxylate and 
3d. The crude product was purified on silica gel (10% EtOAc/hexanes) to afford 4c as a yellow 
oil (19 mg, 24%): Rr0.52 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) S 8.38 (d, J = 1.5 
Hz, IH), 7.78(dd, J = 8.7, l.6Hz, IH) 7.30-7.21 (m,4H), 7. 12 (d, J = 3.2Hz, IH),6.93(d, J = 
8.7 Hz, 1H), 6.66 (d, J = 2.8 Hz, JH), 3.84 (s, 3H), 1.94 (s, 3H); 13C-NMR (75 MHz, CDCI3) S 
168.2, 139.5, l37.8, 135.9, 131.4, 130.2, 128.8, 128.1, 127.9, 127.1, 124.1, 123.6, 122.1 , 110.3, 
104.0, 52.0, 17.6· IR (neat) 3109, 3027, 2950, 2852 1720, 1712 161 2, 1513 1501 , 1461 , 1445, 
1434 1335, 1300, 1269 1231 1196; HRMS (ESI) ca led for C 11H 15N02: 265. ll 03, found 
266.1170 (M+H). Compound 3c was also obtained (59 mg, 78%) following method Con a 0.285 
mmole scale starting from methyl lH-indole-5-carboxylate. 
r- ------ -- -· - ------
1 
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1-(4-Methoxyphenyl)-IH-indole-5-carboxylic acid methyl ester (4d) 
Method A was followed on a 0.28 mmol scale starting from methyl lH-indole-5-carboxylate and 
3e. The crude product was purified on silica gel (15% EtOAclhexanes) to afford 4d as a colorless 
oil (45 mg, 57%): R1 0.39 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDC\3) o 8.45 (d, .J = 1.5 
Hz, 1H), 7.91 (dd, .J = 8.7 1.7 Hz, lH), 7.45-7.26 (rn, 4H), 7.06-7.03 (m, 2H), 6.74 (dd, J = 3.3, 
0.7 Hz, 1H), 3.94 (s, 3H) 3.88 (s, 3H); 13C-NMR (75 MHz, CDC13) o 168.1 , 158.7, 138.8, 132.2, 
129.8, 128.5, 126.1 , 124.1, 123.6, 122.2, 114.9, 110.1, 104.3, 55.6, 51.9; IR (neat) 3106, 2998, 
2949, 2837, 1707, 1611 1513, 1434, 1298. 
1-(3-Methoxyphenyl)-lH-indole-5-carboxylic acid methyl ester (4e) 
0 
MeO~ Il)_ N'> 
4e ~ 
\J-oMe 
Method A was followed on a 0.29 mmol scale starting from methyl lH-indole-5-carboxylate and 
3f. The crude product was purificd on silica gel (15% EtOAc/hexanes) to afford 4e as a yellow 
oil (40 mg, 49%): R1 0.47 (20% EtOAc/hexanes); 1H-NMR (300 MHz CDCb) o 8.44 (d, .J = 1.5 
Hz, IH), 7.92 (dd, .J = 8.9, 1.7 Hz, 1H), 7.57 (d, J = 8.7 Hz, lH), 7.45 (d, J = 8.0 Hz, JH), 7.41 -
7.39 (rn, IH), 7.08 (dd, J = 8.7, 2.0 Hz, lH), 7.04 (t J = 2.3 Hz, IH), 6.94 (dd, J = 9.1, 1.0 Hz, 
1H), 6.77 (dd J = 3.3, 0.8 Hz, 1 H), 3.95 (s, 3H), 3.87 (s, 3H)· 13C-NMR (75 MHz, CDCb) ô 
----------------------------- ----------- - - --·-- --------------------------------------------------, 
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168.0, 160.7, 140.4, 138.3, 130.5, 129.5, 128.9, 124.1, 123.8, 122.5 116.7, 112.5, 110.5, 110.3, 
104.9, 55.6, 51.9; IR (neat) 2998, 2948, 2836, 1708, 1602, 1592, 1493, 1432, 1275; HRMS (ESI) 
calcd for C 17H 15N03: 281.1052, found 282.1128 (M+H). 
1-(4-Fiuoropbenyl)-lH-indole-5-carboxylic acid methyl ester (4t) 
Method A was followed on a 0.29 mmol scale starting from methyl lH-indole-5-caiboxylate and 
3g. The crude product was purified on silica gel (1 0% EtOAc/hexanes) to afford 4f as a yellow 
solid (53 mg, 68%). Spectral data was identical to literature8: 1H-NMR (300 MHz, CDCh) o 8.35 
(d J = 1.8 Hz, lH), 7.82 (dd, J = 8.8, 1.6 Hz 1H), 7.36-7.31 (rn, 3H), 7.22 (d, J = 3.3 Hz, lH), 
7.15-7.09 (rn, 2H), 6.66 (d J = 3.2 Hz, 1H), 3.84 (s, 3H). 
1-(3-Fiuorophenyl)-lH-indole-5-carboxylic acid methyl ester (4g) 
0 
MeO~ Il)_ N') 
4g~ ~F 
Method A was followed on a 0.29 mmol scale starting from metl1yl IH-indole-5-carboxy1ate and 
3h. The crude product was purified on silica gel (10% EtOAc/hexanes) to afford 4g as a yellow 
solid (54 mg, 69%): rn.p. 95-100°C; R/ 0.41 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDC13) 
o 8.26 (d, J = 1.6 Hz, lH), 7.76 (dd J = 8.7 1.7 Hz 1H) 7.37 (d, J = 8.8 Hz, lH), 7.35-7.27 (rn, 
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IH), 7.18 (d, J = 3.3 Hz, IH), 7.12 (d, J = 8.1 Hz, 2H), 7.09 (td, J = 1l.6, 1.5 Hz, 1H), 6.90 (dt, J 
= 8.5, 2.6 Hz, 1H), 6.59 (d, J = 3.3 Hz, 1H), 3.76 (s, 3H); 13C-NMR (75 MHz, CDCh) 8 167.9, 
164.9, 161.6, 140.8, 140.6, 138.1, 131.1, 13l.O, 129.1, 129.0, 124.2, 124.0, 122.8, 120.0, 119.9, 
114.1 113.8, 111.9, 111.6, 110.1, 105.5, 52.0· lR (neat) 3072, 2955, 1714, 1607 1301 , 1283, 
1192; HRMS (ESI) calcd for C16HnFN02: 269.0852, found 270.0933 (M+H). 
1-(3,5-Difluorophenyl)-lH-indole-5-carboxylic acid methyl ester (4h) 
0 
MeO~ ll)._N') 
4h~ 
~F 
F 
Method A was foll.owed on a 0.29 mmol scale starting from methyl lH-iodole-5-carboxylate and 
3i. The crude product was purified on silica gel (10% EtOAc/hexanes) to afford 4h as a yellow 
solid (43 mg, 52%): m.p. 170-174°C; R1 0.52 (20% EtOAc/hexanes) ; 1H-NMR (300 MHz, 
CDCh) 5 8.44 (d, J = 1.7 Hz, 1H), 7.97 (dd, J = 8.8, 1.7 Hz, IH), 7.59 (d, J = 8.7 Hz, 1H), 7.36 
(d, J = 3.4 Hz, 1H), 7.09-7.06 (rn 2H), 6.88-6.79 (rn, 2H), 3.96 (s, 3H)' 13C-NMR (75 MHz, 
CDCh) li 167.7, 165.3, 165.1, 162 .0, .161.8, 141.4, 14 1.2, 137.8, 129.2, 128.7, 124.4, 124.3, 
123.2, 110.0, 107.7, 107.6, 107.5, 107.3, 106.1, 102.8, 102.4 102.1 , 52.1; lR (neat) 3099, 2959, 
2922, 1708, 1626, 1598, 1283, J 193, 1116; HRMS (ESI) calcd for C 16H1 1F2N02: 287.0758, 
found 288.0834 (M+H). 
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1-(2,6-Dimethylpbenyl)-1H-indole-S-carboxylic acid metbyl ester (4i) 
0 
MeO~ U-N'> 
4i --tf 
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Method A was followed on a 0.29 mmol scale starting from methyl IH-indole-5-carboxylate and 
3j. The crude product was purified on silica gel (5% EtOAc!hexanes) to afford 4i as a yellow oil 
(15 mg, 19%): Rt 0.53 (20% EtOAc!hexanes); 1H-NMR (300 MHz, CDCh) o 8.47 (d, J = 1.6 Hz, 
lH), 7.85 (dd, J = 8.5, 1.7 Hz, IH), 7.29-7.04 (rn, 4H), 6.88 (d J = 8.6 Hz lH), 6.78 (d, J = 3.3 
Hz, lH), 3.92 (s, 3H), 1.90 (s, 6H); 13C-NMR (75 MHz, CDCJ3) 8 168.2, 138.8, 137.1 , 136.5, 
129.5, 128.8, 128.6 128.5, 127.7, 124.0, 123.5, 122.0, 109.8, 104.0 51.9, 17.4; IR (neat) 2948, 
2922, 1708, 16Ll, 1446, 1434, 1295, 1269; HRMS (ESI) calcd for CtsRt 7N02: 279.1259, found 
280.1347 (M+H). 
1-( (3-Diethoxy me th yl)p henyl)-lH-indole-3-carboxald eh y de ( 6a) 
Method A was followed on a 0.34 mmol scale start:ing from IH-indole-3-carbaldehyde and 3k. 
The crude product was purified on silica gel (20% EtOAclhexanes) to afford 6a as a yellow oil 
(101 mg, 92%): R; 0.18 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) 8 10.10 (s, IH), 
8.38 (d,J = 8.2 Hz, IH), 7.93 (s, lH) 7.67 (s, IH), 7.59-7.54 (rn, 2H), 7.49-7.46 (m, 2H), 7.38-
7.30 (rn, 2H), 5.60 (s, IH), 3.74-3.55 (rn, 4H), 1.28 (t, J = 7.0 Hz, 6H); 13C-NMR (75 MHz, 
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CDCb) ô 185.0, 141.8, 138.2, 137.5, 129.8, 126.6, 125.6 124.7, 124.6, 123.5 123.1, 122.3, 
119.8, 111.1, 100.7, 61.4, 15.3; IR (neat) 3117, 3052, 2966, 2868, 2807, 2762, 2725, 1665, 1660, 
1605, 1530, 1493, 1480, 1461, 1309; HRMS (ESI) calcd for C20H21N03 : 323.1521 , found 
324.1584 (M+H). 
1-(4-FJuorophenyl)-lH-indole-3-carboxaldehyde (6b) 
Method A was followed on a 0.34 mmol scale starting from lH-indole-3-carbaldehyde and 3g. 
The crude product was purified on silica gel (20% EtOAclhexanes) to afford 6b as a white solid 
(43 mg, 52%): m.p. 14l-J43°C. Spectral data was identical to literature9: 1H-NMR (300 MHz, 
CDCI3) ô 10.00 (s, lH), 8.29 (dd, J "" 5.6, 2.0 Hz, lH), 7.77 (s, lH), 7.43-7.38 (m, 2H) 7.33-7.16 
(m, 5H); HRMS (ESI) calcd for C 15HwFNO: 239.0746, found 240.0813 (M+H). 
1-( 4-Fluorophenyl)-2-methyl-lH-indole-3-carboxaldehyde (6c) 
Method A was followed on a 0.31 mmol scale starting from 2-methyl-1H-indole-3-carbaldehyde 
and 3g. The crude product was purified on sil.ica gel (20% EtOAclhexanes) to afford 6c as a 
,------------------------
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white solid (60 mg, 76%): m.p. 174-176°C; R1 0.21 (20% EtOAc/hexanes); 1H-NMR (300 MHz, 
CDCb) ô 10.15 (s lH), 8.21 (d, J = 7.8 Hz, IH), 7.27-7.17 (m, 5H), 7. 12 (t, J = 7.3 Hz, lH), 6.90 
(d, J = 8.1 Hz, 1H), 2.44 (s, 3H); 13C-NMR (75 MHz, CDCI3) ô 184.8, 164.5, 161.2, 147.8, 138.3, 
132.0, 130.0, 129.9, 125.7, 123.7, 123.4, 121.0, 117.3, 117.0, 115.3, ll0.4, 11.4; IR (neat) 3068, 
2929, 2827, 1642, 1511, 1503, 1480, 1461, 1426, 1225, 1218; HRMS (ESI) calcd for 
c,6H12FNO: 253.0903, found 254.0981 (M+H). 
1-(4-Methylphenyl)-1H-indole3-acetonitrile (6d) 
Method C was followed on a 0.32 mmol scale starting from 1H-indole-3-ylacetonitrile and 3b. 
The crude product was purified on silica gel (15% EtOAc/hexanes) to afford 6d as a red oit (69 
mg, 88%): R_r0.37 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) ô 7.51 (d, J = 7.1 Hz, 
LH), 7.39 (d, J = 7.6 Hz, IH), 7.24-7.08 (m, 7H), 3.74 (s, 2H), 2.31 {s, 3H); 13C-NMR (75 MHz, 
CDCh) o 136.9, 136.7, 136.5, 130.3, 127.2, 126.7, 124.4, 123.2, 120.7, 118.5, 118.1 , 111.1 , 
105.4, 21.1, 14.4; IR (neat) 3040, 2917, 2856, 2251 , 1646, 1611, 1518, 1514, 1461 1454; I-IRMS 
(ESI) calcd for C 17H14N2: 246.1157, found 247.1223 (M+H). 
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1-(3-Cyclopropylpbenyl)-lH-indole-4-carbonitrile (6e) 
CN 
~ 
~N') 
Ge~ 
Method C was followed on a 0.27 rnmol scale starting from 4-cyanoindole and 31. The crude 
product was purîfted on silica gel (15% EtOAclhexanes) to afford 6e as a yellow oit (61 mg, 
88%): RJ 0.53 (20% EtOAc!hexanes); 1H-NMR (300 MHz, CDCh ) o 7.60 (d, J = 8.4 Hz, 1H), 
7.43-7.29 (rn, 3H), 7.16-7.11 (rn, 2H), 7.05-7.01 (rn, 2H), 6.78 (d, J = 3.1 Hz, 1H) 1.93-1.84 (rn, 
1 H), 0.99-0.93 (rn 2H) 0.70-0.64 (rn, 2H); 13C-NMR (75 MHz, CDCh) o 146.6, 138.8, 135.9, 
130.8, 130.5, 129.8, 125 .7, 124.9, 122.2, 122.0, 121.8, 118.7, 115.5, 103.6 102.2, 15.6, 9.8; IR 
(neat) 3077, 3007, 2917, 2831 , 2227, 1587, 1511, 1503 1494 1462, 1444, 1428, 1330· HRMS 
(ESI) calcd for C1sH14N2: 258.1157, found 259.1225 (M+H). 
1-(3-Formylphenyi)-1H-indole-4-carbonitrile ( 61) 
CN 
~ ~N') 
6f ~H 
0 
Method A was followed on a 0.35 rnmol scale starting from 4-cyanoindole and 3m. The crude 
product was purified on silîca gel (10% EtOAc/hexanes) to afford 6f as a white solid (53 mg, 
62%): m.p. 124-l27°C; R1 0. l8 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) o 10.02 (s, 
1H), 7.90 (d, J = 1.2 Hz, 1H), 7.85 (dt, J = 4.6, 1.5 Hz, IH), 7.68-7.62 (rn, 3I-l), 7.46-7.44 (rn, 
2H), 7.22-7.17 (m, IH), 6.84 (dd, J = 3.3, 0.5 Hz, IH); 13C-NMR (75 MHz CDCI3) () 191.1 , 
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139.8, 138.1, 135.6, 130.9, 130.8, 130.4, 130.2, 129.1, 126.2, 124.6, 122.6, 118.4, 115.1 , 104.0, 
103.3; IR (neat) 3129, 3105 2921 , 2831 , 2733 2218 1702,. 1692 1586, 1514, 1492, 1484, 1461 , 
1432, 1328, 1301 , 1184, 1144· HRMS (ESI) caJcd for C 16H1 oN20: 246.0793, found 247.0860 
(M+H). 
1-(3-Trifluoromethylphenyl)-lH-indol-4-ol-4-acetate (6g) 
OAc 
~ 
llJ_N'> 
6g ~ 
V"-cF3 
Method C was followed on a 0.29 mmol scale starting from 1 H-indol-4-yl acetate and 3n. The 
crude product was purified on silica gel (20% EtOAc/hexanes) to afford 6g as a black solid (40 
mg, 43%): m.p. 74-76°C; R/ 0.33 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) o 7.67 (s 
lH), 7.62-7.54 (rn, 3H), 7.31 (d J = 8.3 Hz, lH), 7.23 (d J = 3.3 Hz, 1H), 7.17-7.12 (m, IH), 
6.86 (d, J = 7.7 Hz, 1H), 6.53 (d, J = 3.2 Hz, IH), 2.34 (s, 3H)· 13C-NMR (75 MHz, CDCh) o 
169.4 144.0 140.2, 137.6, 132.7, 132.3, 130.5, 128.0, 127.7, 123.6, 123.3 , 122.9, 121.4, 113.2, 
108.4, 101.4, 21.2; IR (neat) 2913, 1765, 1618, 1593, 1493, 1462, 1335, 1323, 1197, 1125; 
HRMS (ES!) calcd for C 17H 12F3N02: 319.0820, found 320.0891 (M+H). 
4-(5-Bromo-lH-indol-1-yl)-a,a.-dimethylbenzenemethanol (6h) 
BrW 1 ~ 
h N 
6h ~ ~ ~ 
--
OH 
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Method C was followed on a 0.063 mmol scale startù1g from 5-bromoindole and 3r. The crude 
product was purified on silica gel (25% EtOAc!hexanes) to afford 6h as a pink wax (Il mg, 
53%): Rl 0.27 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCI3) o 7.73 (d, J = 1.7 Hz, IH), 
7.57 (d, J = 8.5 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 7.25-7.18 (rn, 3H), 6.53 (d, J = 3.1 Hz, lH), 
1.73 (s (br), lH), 1.58 (s, 6H); 13C-NMR(75 MHz, CDCh) o 148.0, 138.0, 134.8, 131.1 , 129.2, 
126.0, 125.3 124.2, 123.7, 113.6, 1.12.1, 103.1, 72.5, 32.0; IR (neat) 3379, 2974, 2921 , 2844, 
1610, 1519, 1514, 1461, 1453; HRMS (ESI) calcd for C11H16BrNO: 329.0415, found 312.0373 
(M+H)-[H20] C9Br), 314.0352 (M+H)-[H20] (81Br). 
4-(5-Bromo-lH-indol-1-yl)benzoic acid metbyl ester (6i) 
Br~ 
V-NI 
Si h 
'}aMe 
Method C was followed on a 0.24 mmo1 scale starting from -5-bromoindole and 3p. The cn1de 
product was purified on silica gel (15% EtOAc/hexanes) to afford 6i as a pink solid (53 mg, 
67%): m.p. 94-98°C; R1 0.52 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCI3) o 8.20 (d,J = 
8.6 Hz, 2H), 7.82 (d J = 2.0 Hz, 1H), 7.56 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.8 Hz, 1H), 7.37 (d, 
J = 3.3 Hz, 1 H), 7.33 (dd, J = 8.8, 1.7 Hz, 1 H) 6.66 (d J = 3.2 Hz, 1 H) 3.97 (s 3H); 13C-NMR 
(75 MHz, CDCh) o 166.3, 143.3, 134.3, 131.5, 131.4, 128.7, 128.2, 125.8 124.0 123.4, 114.2, 
112.1, 104.4, 52.4· IR (neat) 2946, 2840 1720 1712, 1666, 1605, 1514, 1450 1434, 1276; 
HRMS (EST) calcd for C1 6H12BrN02: 329.0051 found 330.0117 (M+H) ( 9Br), 332.0100 (M+H) 
(81 Br). 
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1-(3-Methylphenyl)-lH-Indole-3-propanol (6j) 
Method C was followed on a 0.29 mmol scale starting from 3-(3-bydroxypropyl)-1H-indole and 
3c. The crude product was purified on silica gel (20% EtOAc!hexanes) to afford 6j as a yellow 
oil (40 mg, 52%): Rr 0.21 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) o 7.69 (d, J = 7.2 
Hz, lH), 7.59 (d, J = 7.7 Hz, 1H), 7.43-7.38 (rn, lH), 7.32-7.15 (rn, 5H), 3.79 (t, J = 6.4 Hz, 2H), 
2.94 (t, J = 7.5 Hz 2H), 2.46 (s, 3H), 2.06 (qt, J -= 6.4 Hz, 21-I), 1.49 (s(br), IH); 13C-NMR (75 
MHz, CDCh) ô 139.9, 139.7, 136.1 , 129.4, 128.9, 126.9, 125.3, 124.8, 122.4, 121.2, 119.8, . 
119.3, 116.9, 110.7, 62.7, 32.9, 21.5, 21.3 · IR (neat) 3339 (br), 3047, 2922, 2863 1605, 1588, 
1493, 1477, 1458; HRMS (ESI) calcd for C1sH19NO: 265. 1467, found 266.1544 (M+H), 
248.1408 [(M+H)-HzO]. 
(E)-3-(5-Iodo-lH-indol-1-yl)phenyl-2-propenoic acid etbyl ester (6k) 
'V) 
6k ~0 
OEI 
Method C was followed on a 0.14 mmol scale starting from 5-iodoindole and 3t. The crude 
product was purified on silica gel (10% EtOAc/hexanes) to afford 6k as a pink oil (38 mg 65%): 
Rr 0.52 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) o 8.08 (d, J = 1.7 Hz, IH), 7.78 (d, J 
= 16.1 Hz, IH), 7.66(s, JH) 7.61-7.52(m, 4H) 7.37-7.32(m,2H), 6.68(d J = 3.4Hz, 1H), 6.56 
214 
P. Petiot, J. Dansereau and A. Gagnon 
(d, J = 16.1 Hz, 1H), 4.34 (q, J = 7.1 Hz 2H), 1.41. (t, J = 7.1 Hz, 3H)· 13C-NMR (75 MHz, 
CDCI)) f> 166.6, 143.3, 139.9, 136.3, 134.9, 131.9, 130.9, 130.4, 130. 1, 128.5, 126.4, 125.8, 
123.5, 119.9, 112.3, 103.3, 84.1 , 60.8, 14.4; lR (neat) 3056, 2978, 1705, 1638, 1582, 1512, 1487, 
1456 1176; HRMS (ESI) calcd for C19Hl6IN02: 4 17.0226, found 418.0296 (M+H). 
a.,a.-Dimethyl-1-( 4-methylphenyl)-lH-indole-5-methanol (61) 
Method A was followed on a 0.28 mmo1 scale starting from a.,a..-dimethy1- 1H-indole-5-methanol 
and 3b. The crude product was purified on silica gel (20% EtOAc/hexanes) to afford 61 as a 
yellow oil (44 mg, 59%): R; 0.38 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) o 7.84 (d, 
J = 1.8 Hz, 1 H), 7.53 ( d, J = 8.8 Hz, 1H), 7.43-7 .32 (m, 61-1), 6.68 ( d, J = 3.3 Hz, IH), 2.46 (s, 
3H), 1.70 (s 6H); 13C-NMR (75 MHz, CDCb) 8 141.3 137.4, 136.3, 134.9, 130.2, 129.0, 128.5, 
124.2 119.6, 116.5, 110.3, 103.5, 72.9, 32.2, 21.1 ; lR (neat) 3405, 2971 ,2923, 1517, 1474, 1334; 
HRMS (ESI) calcd for C1sH1 9NO: 265 .1467, found 248.1431 [(M+H)-H20]. 
l-[4-(Tetrahydro-2H-pyran-2-yl)oxy]phenyl-5-nitro-lH-indole (6ro) 
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Method A was followed on a 0.31 rnmol scale starting from 5-nitroindole and 3q. The crude 
material was purified on silica gel (15% EtOAc/hexanes) to afford 6m as a yellow solid (77 mg, 
74%): m.p. 99-104°C; R1 0.36 (20% EtOAc!hexanes); 1H-NMR (300 MHz, CDCI3) ; ô 8.62 (d, J 
= 2.2Hz .• lH), 8.09(dd, J = 9.1, 2.2Hz, 1H), 7.46-7.36(m, 4H) 7.26-7.21 (m,2H),6.81 (d,J = 
3.3 Hz, 1 H), 5.50 (t, J = 3.3 Hz, 1 H), 3.93 (dt, J = 9.1, 3.2 Hz, lH), 3.70-3.64 (m, 1 H), 2.12-1.96 
(rn, IH), 1.94-1.90 (rn, 2H), 1.79-1.62 (rn, 3H); 13C-NMR (75 MHz, CDCIJ) ô 156.6, 142.0, 
139.1 , 132.2, 131.6 128.2, 126.1 118.3, ll7.8, 117.6, 110.5, 105.2, 96.6, 62.2, 30.3, 25 .2, 18.7; 
TR (neat) IR 29 17, 2852, 16LO, 1514, 1468, 1453, 1344 1329, 1202, 1123, 1069, 966, 920; 
HRMS (ESI) calcd for Ct9Ht sN204: 338.1267, found 339.1333 (M+H). 
N-[4-(dimethoxymethyl)-IH-indol-6-yl)methy1 benzamide (6n) 
Method C was followed on a 0.20 rnmo1 scale starting from IH-indol-6-y1]rnethy1 benzarnide and 
3o. The crude rnaterial was puri fied on silica gel (20% EtOAc/hexanes) to afford 6n as a pink oil 
(65 mg, 81%): RJ O.IO (20% EtOAclhexanes); 1H-NMR (300 MHz, CDCIJ) ô 7.77-7.74 (rn, 2H), 
7.68-7.60 (rn, 3H), 7.55 (s, IH), 7.51-7.48 (rn, 3H), 7.42-7.40 (m, 2H), 7.35 (d, J = 3.4 Hz, 1H), 
7.19 ( dd, J = 8.2, 1..5 Hz, 1 H), 6.68 ( d, J = 3.2 Hz, 1 H), 6.38 (s(br), IH) 5.46 (s, lH), 4. 72 ( d, J = 
5.4 Hz, 2H), 3.39 (s, 6H); 13C-NMR (75 MHz, CDCI3) ô 167.2, 139.6, 136. 7, 135.9, 134.6, 132.4, 
131.5, 128.9, 128.6, 128.5, 128.2, 127.0 124.1, 121.6, 120.9, 110.3, 103.7, 102.7, 52.9 45.0, IR 
(neat) 3317, 2933 , 2829, 1639, 1518, 1450, 1340, 1098; HRMS (ESI) calcd for C25H24~h03: 
400.1787, found 423 .1695 (M+Na). 
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l-(5-Chloro-2-methoxyphenyl)-l-(2-(4-methylphenyl)-1,3,4,9-tetrahydro-2H-pyrido(3,4-
b)indol-2-yl)metbanone (6o) 
Cl 
(NON A) 
h 0 OMe y So 
Me 
Method C was followed on a 0.15 mmol scale starting from (5-chloro-2-methoxyphenyl)-
(1 ,3,4,9-tetrahydro-2H-pyrido[3,4-b]indol-2-yl)methanone and 3b. The crude product was 
purified on silica gel (10% EtOAc/hexanes) to afford 6o as a yellow oil (28 mg, 43%): R1 0.16 
(20% EtOAc!hexanes); 1H-NMR (300 MHz, CDC13) ô 7.53-7.50 (rn, IH), 7.35-7.29 (rn, 5H), 
7.27-7.23 (rn 2H), 7.22-7. 14 (m, 2H), 6.89 (d, J = 8.9 Hz, 1H), 4.82 (s, 2H), 3.83 (s, 3H), 3.65-
3.60 (m, 2H), 2.88-2.82 (rn, 2H), 2.46 (s, 3H); 13C-NMR (75 MHz, CDCb) ô 167.2, 154.2, 137.8, 
134.5, 130.4, 130.3, 130.2, 127.8, 127.5, 126.8, 126.6 126.4, 126.1, 122.0, 120.0, 117.9, 1 1 2.4, 
110.3, 108.6, 56.0, 45 .2, 40.4, 22.1 , 21.2; IR (neat) 2925, 2840, 1709, 1659, 1650, 1641, 1632, 
1605, 1514, 1493 1484, 1461, 1440 1432, 1221 ; HRMS (EST) calcd for C26l·h3CIN20 2: 
430.1448, found 43l.l5l5 (M+H). 
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2-Acetyl-N-(3-benzaldehyde)-pyrrole (6p) 
Method B was followed on a 0.46 mmol scale starting from 2-acetyl-1H-pyrrole and 3m. The 
crude product was purified on silica gel (10% EtOAc/hcxanes) to afford 6p as a beige solid (93 
mg, 95%): m.p. 85-87°C; Rf 0.16 (20% EtOAclhexanes); 1H-NMR (300 MHz CDCh) o 9.93 (s 
lH), 7.80 (d, J = 7.1 Hz, 1H), 7.69 (s, 1H), 7.52-7.43 (rn, 2H), 7.05 (d, J = 2.7 Hz, lH), 6.89 (s, 
lH), 6.25 (t, J = 2.6 Hz, lH), 2.36 (s, 3H); 13C-NMR (75 MHz, CDCh) S 191.4, 187.4, 141.8, 
137.0, 132.3, 131.6, 13L.2, 129.4, 129.1, 126.8, 121.1 , 109.9, 27.2; IR(neat) 3117, 3060, 2921 , 
2827, 2729, 1702, 1692, 1665, 1659, 1650, 1643, 1590 1461 , 1453, 1408· HRMS (ESI) calcd for 
CnH1tN02: 213.0790 found 214.0859 (M+H). 
2-Acctyl-N-( 4-methoxyphcnyl)pyrrole { 6q) 
Method A was followcd on a 0.46 mmol scale starting from 2-acetyl-1H-pyrro1e and 3e. The 
crude product was purified on silica gel (10% EtOAc/hexanes) to afford 6q as a colorless oil (78 
mg, 79%): m.p. 79-82°C. Spectral data was identical to literature10: 1H-NMR (300 MHz, CDCh) 
8 7.08 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 3.8 Hz, JH), 6.83-6.80 (rn, 3H), 6.17 (t, J = 3.3 Hz, 1H), 
3.74 (s, 3H), 2.31 (s, 3H); HRMS (ESI) calcd for C13H13N02 : 215.0946, found 216.1017 (M+H). 
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1-[3-(1-Rydroxyetbyl)pbenyl]-4-metbyl-lH-pyrazole (6r) 
Method C was followed on a 0.50 mmol scale starting from 4-methyl-lH-pyrazole and 3s. The 
crude product was purified on silica gel (20% EtOAc/hexanes) to afford 6r as a colorless oil (70 
mg, 69%): R1 0.12 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) ô 7.67 (s, 1H), 7.63-7.62 
(m, IH), 7.49-7.45 (m, 2H), 7.34(t,J = 7.7Hz, lH), 7.22-7.19(m, 1H),4.88 (q, J = 6.5 Hz, IH), 
3.02 (s(br), IH), 2. 14 (s, 3H), 1.48 (d, J = 6.4 Hz, 3H); 13C-NMR (75 MHz, CDCI3) ô 147.7 
141.8, 140.2 129.4, 125.6, 123.1 , 118.2, 117.6, 115.9, 69.9, 25.3, 8.9; IR (neat) 3354, 2971 , 
2927, 1610, 1593, 1492, 1455, 1390; HRMS (ESI) calcd for C,~Ht4N20: 202.1106, found 
[(M+H)-H20)] 185.1059, 203.1175 (M+H). 
l -(4-Methoxyphenyl)-3-(4-metbylphenyl)-l H-pyrazole (6s) 
6s 
Method C was followed on a 0.32 mmol scale starting from 3-(4-methylphenyl)-IH-pyrazole and 
3e. The erode product was puri fied on silica gel (1 0% EtOAclhexanes) to afford 6s as a white 
solid (59 mg 70%): m.p. 140-143°C; R1 0.50 (20% EtOAc/hexanes); 1H-NMR (300 MHz, 
CDCI)) 8 7.72-7.69 (m, 3H), 7.55 (d, J = 8.7 Hz, 2H), 7.13 (d, J = 7.4 Hz, 2H), 6.87 (d, J = 8.7 
Hz 2H), 6.60 (s, 1H), 3.73 (s, 3H), 2.29 (s, 3H); 13C-NMR (75 MHz, CDCb) ô 158.2, 152. 7, 
137.7, 134.2, 130.6, 129.4, 128.0, 125.8 120.8, 114.6, 104.5, 55.7, 21.4; IR (neat) 3138 2999, 
~ --- - ---~ 
1 
' 
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2909, 2835, 1605 1.524, 1519, 1514, 1503, 1462, 1453, 1434, 1257; HRMS (ESl) calcd for 
C 17H 16N20: 264.1263, found 265.1328 (M+H). The position of the transferred aryl group was 
determined by nOes y NMR studies. 
l-(4-F1uoropheny1)-1H-indazole-6-carboxaldehyde (Sa) and 2-(4-fluorophenyl)-2H-
indazo1e-6-carboxaldehyde (Sb) 
Cu(OAch (1.0 equiv) 
Pyridine (3.0 equiv) 
DCM, 0 2, so·c. o.n. 
F 
Q 
~Bi~ 
F~ ~F 
3g 
~N H~~ 
0 Sa q 
F 
Method C was followed on a 0.34 mmol scale starting from lH-indazole-6-carboxaldehyde 7 and 
3g. The crude product was purified on silica gel (15% EtOAc/hexanes) to afford Sa as a yellow 
solid (4 1 mg, 50%) and Sb as an orange solid (6.8 mg, 8%). 
Compound Sa: m.p. 143-145°C; R,r 0.50 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) ô 
10.07 (s, IH), 8.22 (s, 1H), 8.10 (s, IH), 7.87 (d, J = 8.3 Hz, 1 H) 7.70 (d, J = 8.3 Hz, IH), 7.66-
7.62 (m, 2H), 7.23 (d, J = 8.5 Hz, 1H); 13C-NMR (75 MHz, CDCb) ô 192.8, 164.0, 160.7, 139.4, 
136.4, 136.2, 136.1 , 129.4, 125.7, 125.6, 122.9, 122.1, 117.6, 117.3, 114.2; IR(neat)2969, 2815, 
2725, 1703, 1698, 1692, 1681 , 1605 1519, 1514, 1503 1493, 1461, 1450 1434, 1279; HRMS 
(ESI) calcd for C14H9FN20: 240.0699, found 24 1.0766 (M+H). 
,---------------------------- -------- ---------------------------
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Compound Bb: m.p. 179-183°C R,0.42 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCJ3) S 
10.10 (s, 1H), 8.43 (s, lB), 8.30 (s, JH), 7.93-7.89 (rn, 2H), 7.81 (d, J = 8.8 Hz, 1H), 7.66 (d, J = 
8.7 Hz, IH), 7.29-7.24 (rn , 2H); 13C-NMR (75 MHz, CDCb) o 192.4, 149.1, 135.9, 126.3 125.7, 
123.2, 123.1 , 121.6, 121.3, 119.5, 117.0, 116.7, 29.8; IR (neat) 3121 , 2917, 2844, 1687, 1678, 
1673, 1666, 1605, 1519, 1514, 1503, 1494, 1468, 1462, 1450, 1432; HRMS (ESI) calcd for 
C14H9FN20 : 240.0699, found 241 .0767 (M+H). The structure of compound 9 was confirmed by 
X-ray crystallography; see section 5: Crystallographic data for compound 9. 
1-(3-Methylpbenyl)- N-tert-butoxycarbonyl-L-tryptophan methyl ester (lOa) 
Method C was followed on a O. 16 mmol scale starting from N-terl-butoxycarbonyl-L-tryptophan 
methyl ester and 3c. The cn1de product was purified on si! ica gel (20% EtOAc/hexanes) to afford 
10a as a yellow oil (57 mg, 87%): R1 0.33 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) 8 
7.51 (d J = 7.0 Hz, lH), 7.46 (d, J = 7.7 Hz, 1H), 7.32-7.27 (m, lH), 7.19-7.16 (m, 2H), 7.13-
7.05 (rn, 4H), 5.05 (d, J = 8.3 Hz, lH), 4.62-4.60 (rn 1H) 3.62 (s, 3H), 3.32-3.18 (rn, 2H), 2.35 
(s 3H), 1.35 (s, 9H); 13C-NMR (75 MHz, CDC13) o 172.8, 155.3, 139.7, 139.5, 136.1, 129.4, 
129.1 , 127.2, 126.6, 124.9, 122.6, 121.3, 120.2 119.1, 111.2, 110.7, 79.9, 54.1, 52.4, 28.4, 27.9, 
21.5; IR (neat) 3433, 3377, 3050, 2976, 2928, 1743, 1709, 1606, 1590, 1494, 1493 1459, 1365, 
1159; HRMS (ESI) calcd for C24H2sN20 4: 408.2049, found 353.1502 (M-C(CH3)3), 431.1941 
(M+Na). 
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1-(3-Methylphenyl)-Fmoc-D-tryptophan-methyl ester (1 Ob) 
Method C was followed on a 0.11 mmol scale starting from N-[(9H-fluoren-9-
ylmethoxy)carbonyi]-L-tryptophan methyl ester and 3c. The crude product was purified on silica 
gel (20% EtOAclhexanes) to afford lOb as a yellow oil (47 mg, 80%): Rf 0.29 (20% 
EtOAclhexanes); 1H-NMR (300 MHz, CDCh) o 7.86 (d, J = 7.4 Hz, 2H), 7.76-7.66 (m, 5H), 
7.55-7.48 {rn, 3H), 7.41-7.36 (rn, 41-f), 7.34-7.26 (m, 3H), 5.56 (d, J = 8.3 Hz, lH), 4.96-4.90 (m, 
1H), 4.58-4.49 (rn, 2H) 4.36-4.33 (rn IR) 3.86 (s, 3H), 3.51 (d, J = 5.4 Hz, 2H), 2.56 (s, 3H)· 
13C-NMR (75 MHz, CDCb) o 172.4, 155.8, 143.9, 143.8, 141.3, 139.7 139.5, 136.1, 129.5, 
127.7, 127.3, 127.1 , 126.7, 125.2, 125.0, 122.7, 121.4, 120.3, 120.0, 119.0, 110.8, 67.1 54.6, 
52.5, 47.2, 28.0, 21.5; IR (neat)34 18, 3356, 3049, 2950, 1717 1606, 1589, 1494, 1459, 1207. 
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S. Crystallographic data for compound Sb 
CCDC-986210 (for 8b) contains the supplementary c.rystallographic data for this paper. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centré via 
www .ccdc.can1.ac.uk/data request/cif. 
Crystal Structure Report for compound Sb 
A light orange needle-like specimen of C14H9FNzO, approxima te dimensions 0.047 mm x 0.058 mm x 
0.268 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were 
measured. A total of 5856 frames were collected. The total exposure time was 16.27 hours. The 
frames were integrated with the Bruker SAINT software package using a narrow-frame algorithm. 
The integration of the data using a monoclinic unit cel! yielded a total of 15339 retle.ctions to a 
maximum e angle of 68.37° (0.83 Â resolution) , of which 1971 were independent (average 
redundancy 7.782, completeness = 99.8%, R ;nt = 5.15%) and 1661 (84.27%) were greater than 
2a(F2) . The final cel! constants of a= 3.76530(10) A. 12 = 17.7911(4) Â, ~ = 16.0214(3) A p = 
92.874(2)0, volume= 1071.90(4) Â3, are based upon the refinement of the XVZ-centroids ·of 9053 
reflections above 20 cr(!) with 7.430° < 20 < 136.7°. Data were corrected for absorption effects using 
the multi-scan method (SADABS). The ratio of minimum to maximum apparent transmission was 
0.930. The calculated minimum and maximum transmission coefficients (based on crystal size) are 
0.7940 and 0.9590. 
The structure was solved and refined using the Bruker SHELXTL Software Package, using the space 
group P 2 tfc, with Z = 4 for the formula unit CHH9FNzO. The final anisotropie full-matrix !east-
squares refinement on f 2 with 164 variables converged at Rt = 5.83%, for the observed data and 
wR2 = 16.57% for ali data. The goodness-of-fit was 1.193. The largest peak in the final difference 
electron densi ty synthesis was 0.358 e·f Â3 and the largest ho le was -0.27 6 e-j Â3 with an RMS 
deviation of 0.074 e-j ÂJ. On the basis of the final mode!, the calculated density was 1.489 gjcmJ and 
F(OOO) 496 e-. 
Table 1. Sam pie and crystal data for Pauline! b. 
CCDC deposition number 986210 
Chemical formula C ~<~JhFNzO 
Formula weight 240.23 
Temperature 150(2) K 
Wavelength 1.54178 Â 
Crystal size 0.047 x 0.058 x 0.268 mm 
Crystal habit light orange needle 
Crystal system monodinic 
Space group P 1 21/c 1 
Unit cell di111ensions a= 3.76530(10) Â 
b::: 17.7911(4) Â 
a::: 90° 
p::: 92.874(2)0 
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Volume 
z 
Density ( calculated) 
Absorption coefficient 
F(OOO) 
c = 16.0214(3) Â 
1071.90(4)Â3 
4 
1.489 gjcmJ 
0.900 mm·J 
496 
y= go• 
Table 2. Data collection and structure refinement for Pauline1b. 
The ta range for data collection 3. 71 to 68.37° 
Index ranges -4<=h<=4, -21<=k<=21, -19<=1<=19 
Reflections collected 15339 
lndependent reflections 1971 [R(int) = 0.0515] 
Coverage of independent reflections 99.8% 
Absorption correction multi·scan 
Max. and min. transmission 0.9590 and 0.7940 
Structure solution technique direct methods 
Structure solution program SHELXS-97 (Sheldrick, 2008) 
Refinement method Full-matrix !east-squares on F2 
Refinement program SHELXL-2013 (Sheldrick, 2013) 
Function minimized l: w(F02- Fc2)2 
Data/ restraints / parameters 1971 /0/ 164 
Goodness-of-fit on F2 1.193 
Final R indices 1661 data; 1>2cr(l) Rt = 0.0583, wRz = 0.1595 
Weighting scheme 
Extinction coefficient 
Largest diff. peak and hole 
R.M.S. deviation from mean 
all data Rt = 0.0682, wRz = 0.1657 
w=1/(cr2(fo2)+(0.0789P)2+0.9563PJ where P=(F0 2+2Fc2)/3 
0.0028(8) 
0.358 and -0.2 76 eÂ·l 
0.074 eÂ-3 
Atomic coordinates, bond lengths, bond angles, torsion angles, anisotropie atomic dis placement 
parameters are provided in the attached CIF file, which can also be retrieved from the Cambridge 
Crystallographic Data Centre using deposition number 986210 at the following URL: 
h ttp: / jwww.ccdc.ca m.ac. uk/C omm uni ty /Req uestastructure/ Pages /Req ues tastructure.aspx 
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Tabinda Ahmad."·c Sam ira Samaali."·c Maxime Leroy."·c Francis Pinsonneautt.•·c 
Claude Y. Legault*"'c and Alexandre Gagnon*a.c 
The 0 -arylatlon of 1.2-aminoalcohols using functionaUzed lriaryl-
blsmuth reagents is reported. The reaction can be perlormed using 
substoichlometric amounts of copper acetate and operates under 
mlld conditions. Good functional group tolerance is observed. 
giving access ta a range of p-aryloxyamines. The effect provided 
by the amine group in the arylatlon reaction is invest igated. 
jl-Aryloxyamincs arc frcqucntly found in natuml products and 
in mcdicinally relevant compounds. For cxample, this moicty 
hus bœn identificd in shishid idcrnniol A (1) and B (2), two 
natuml produt'tS cxtructt-d from a tu nk'atc of the fam ily 
Didcmnidae (Fig. 1).' Rosiglitazone (3), un antidiabctic d rug, 
Ulimorclin (TZP-101, 4),1 a ghrelin inhibitor thar has advanœd 
into phasc-m clinical studics, and Mcxiletinc (5), an anri-
arrhythmic drug, also contain a P·aryloxyamine. The impor-
tance of 1,2·aryloxyamines in drug discovery can be further 
exemplified wiU1 compounds 6-10 which are inhibitors of 
various biologieal ta.rgets for whic.h advanced profiling has 
been performed.'-7 
~Aryloxyamincs can be accesscd through SNAr reactions 
berween l,~aminoa lcohols and electron poor al)' i halictes.• 
Altcrnativcly, thcsc compounds ca.n also be preparee! from the 
same prccursors through the addition of phenols using Mitsu-
nobu conditi on 9 or via SN2 reactions on the corrcsponding 
mcsylatts or tœylatcs.'0 li:ven though t.hese approaches arc 
widcly SJHC'dd in tht~ pharmat'Cuti.cal indu~1:ry, they are not frec 
of limitations as they rcquire the presence of clœtron withdruw· 
ing j,'l'Oups on the aryl unit (S,.,Ar). necessita te the dt•rivatization 
of the akohol (5,.2) or lead to the fom1ation of sidc products 
that can complicate the isolation of the dcsircd product (i.e. 
phosphinc oxide and urca in the Mitsunobu reaction). 
>~l)ipMtl'rlltnt dt chimie, Unlwttirt du Qutb« lJ ,l,fonèréal. C.P. HRHJJ, Sua:. CCmt't'-
~1/c. Momr!ol, Quèbtc, Canada N!JC .1PIJ. 1:-.'·mal/: gagnon. alt~xandrc@Ufltvn.œ 
•U»n.v-rsitl Sherbrooke, Département de chimir, 2500 boul. dr I'Unhv:nltè, 
SherbmoJ.r, Québec; CwrudajJ K 2R1 
'Ccutn: in Gnocn ChcmUuy and CoiUlysls 
t Eioccronlc supplemt.'ncuy Information (F. 1) availablc. Ste DOl: 10.1039/ 
C'AOB0249i'D 
1322 O!y BŒ'I'!OI. Chem.. 2015, 13. 1322--1327 
()().051{1) 
~A4h}'dttiit.M 
~ol~lH 
._.. 
Fig. 1 Selected examples of Jl-aryloxyamines in natural products. 
drugs, and medicinal chemlstry compounds. 
The copper-catalyzL'<.I 0 -nrylation of 1,2-nminoakohols 
using aryl halides, as illustratcd by the pionccring work of 
13uchwald" and Evano,'2 eonstitutes a highly efficient ~trategy 
for the preparation of jl-aryloxyamines. , _, Surprisingly, the 
O·arylatio n of 1,2-aminoalcohols using arylmetals ha been 
considcrably !css studicd and to the bcst of our knowledge, 
the only e.xam ple using this app roach involved tetraphenylbis-
muUl fluorlde as the arylating source. 16 
we reported ovcr the past fcw years a portfolio of C-C, C-N, 
and c-o bond forming reactions involving o rganobismuth 
reagents. " Organobismuthanes arc an attractivc class of 
Ths JW nalls C The~ Socoetyo! Chems;ry 2015 
Organlc & Blomolecular Chemistry 
organometa llic reagents that can be casily prcpa rcd from in· 
expensiw and non-tox ic bismuth salts. •• Triarylbismuthanes 
an• ai r and moisturc stable and can be purificd by simple 
silica gel chromarography. rn addition, orga.nobi smuthanes 
show rcmurkablc functio.nal group tolerance, making them 
idea l candidates for the development of methodologies 
oricntcd towards medicinal chcmistry applications. 
Wc recent! y d isclosed a general eoppcr-catalyled N·arylation 
reaction of azoles and diazolcs using trinl)'lbi smurh rcagents. 170 
ln ù1e course of our studies, wc found that mc arylation of 
the hydroxypropylindole 11 using tris-mela·(mcthylphcnyl} 
bismuthane proc't-eded cxclusively on the indole to afford 12, 
SUgj.'CSting that an alcohol t-annot be arylat(.>d under thcse con· 
ditions (Schcme 1). Howt.'I!Cr, whcn the N·BOC·oyptophanol 
dcriv-<~tivc 13 WàS submittcd to the samc (.'Qnditions, the product 
of bis-arylation 14 was isolated in moderatc yicld, suggt::sting that 
the amino group activates the alcohol tow·.trd the arylation. 
Mon'OVCr, the yield of thi s reaction could be grcarly improved hy 
using 2.0 equivalents of the bismuÙl rea gent. 
David and Thicffry rcportcd in 1983 the effect of neighbour-
ing hydroxylic groups on the arylation reaction of aleohol 
using triphenylbismuth diacerate but nevcr cxplored the abiliry 
of nitrogen moieties in iltfluendng this transformation.'• In 
1986, Barton bricny studied the arylation of ethanolaminc 
using Ph3 Bi (0Ac), and obtaincd a complcx mixture of N·, N,N·, 
and N,0-arylation produ~ts. 21' "11lcsc two reactions reliee! on 
pentavalent organobismuth reagcnts, wh ich are u ually Jess 
stable and more redious to prepare than thcir t rivalent 
countcrparts. To our knowledge, the only cxamplc of 0 -a ryla-
tion of alcohols u inga trivalent bismuth rea gent was rcportcd 
in 1999 by Sheppard and requircd the use of axone as a stol· 
clliometric oxidizing agent. 21 Wc would like to report herein 
our study on the O·arylation of 1,2·aminoaleohol s usi ng func· 
tionalized trial)'lbismuthanes a nd our invehtigation into the 
aceelcrating effect provided by the ami no group. 
Wc bc!fàn by optimizing the reaction ~'Ondi tions for the 
mylation of (-}-N·BOC·rru·phcnylglycino l 15, a 1,2-ami no-
alcohol rhat does not possess an indolic scaffold. Whcn 
this substratc was submitted to our prcviously idcnr.ificd 
eond itions,' 74 the corrcsponding o-phcnyl product 16 was is<r 
.... 
• s.e;eti~ N-arytahol'l 
A .............. A ... OOOoo •A•U•···········4······••>0oo•••••••'"•• •>>OOOO················· ...... . 
r~ëOë -~ CI.(O,..C~(1.0eqùY) reoc 
OH ; ~ll.Ooquiy) o:r-0 
••••• ~50"C.~. 1~ '/ ~ M. 
N (~),81(1 0eq.n>J 53 N -. 
,, H ~'z..o~:~ 
• N O.d>arylabon 
Scheme 1 N· vs. O·Arytation of 3·(3-hydroxypropytHH ·indole U and 
N· BOC· tryptophanol 13. 
351 
Communication 
Table 1 Optimization of the cond~ions lor the 0 -arytation of N· BOC· 
o-a·phenylglycinol 15 
Entry 
1 
2 
3 
4 
5 
6 
7 
a• 
gb 
10. 
~(I.OOQUJiw) 
~(3.0tQUiw) 
Cu(C)Ach t 1.0 .qll\1) 
CKA&o"C.O,..I&tl 
~CO'I(Iillion$~ 
Change rrom "standard conditions .. 
No change 
Ambient air instead or oxygen 
0.7 equiv. Ph., ni instead or 1.0 
EI:, N instead ofpyridine 
K,OO, insteod of pyridine 
1.2 equiv. pyridine instend o f 3.0 
TO!uene instead of L1i~CI" 
0.3 equiv. CU(0Ac)1 instead of 1.0 
1 0 
/'--.O.Â.IIH 
~0 , -. 
YieJd• (%) 
O.J equiv. CU(0Ac)1 and 6 h instead of o.n. 
0.3 equiv. CU(OAc}. in tolueue a.t 80 "C 
73 
49 
51 
13 
31 
67 
76 
62 
59 
71 
• lsolated yie id of pure product 16. • 1.2 equiv. pyridine. 
lated in 73% yie.ld (Table 1, entry 1). C'.onducting the reaction 
under air led to a considerable reduction in the yield of the 
reaction, thus confirming the importance of the oxygen in this 
process (entry 2). To evaluare the transferabiliry of ù1e second 
aryl group from the triarylbismuthane, wc next pcrformed the 
react.ion using 0.7 equivalent of triphenylbismuth and 
observed a substantial drop in the yield of 16, demonstrating 
that on ly one aryl group can be transfcrred from the triarylbis· 
muthane (cntry 3). This phcnomenon is weil known in copper· 
eatalyzed reat'tions involv ing OJ'!,ranobismuth re-<~gents"•.b and 
efforts to overcomc this issue are in progress in our group . A 
rapicl scrcen of different bases showcd that pyridille can be 
repla.ced by triethylamine (entry 4) but not potassium carbon· 
a te (entry 5). Our stud ies also demonstrate that 1.2 equ ivalents 
of pyridine arc sufficicnt to obtain an optimal yield of ù1e ary· 
lated product [entry 6). A survcy of different solvcnts led to the 
idenrification of toluene as the most efficient replacement for 
d ichloromethanc [entry 7). We nc.xt directed our efforts 
towards lowering the cataly>-r looding and round a modcratc 
reduction in the yicld of the mylation proœss upon using 0.3 
equivalent of coppcr aœtatc (cntry s). rn addition, n>d ucing 
the reactio n ti me to 6 hour instcad of overnight providc'<! the 
desiœd compound in s imilar yield (entry 9). Pinally, a good 
yicld could be obtained undcr catalytic conditions by conduct· 
ing me reaction in tolucne at 80 oc ovcrnight [e.ntry 10). 
The ability of other amine protecting groups in enhancing 
the rcactivity of the alcohol towards azylatlon wa then 
explored (Scheme 2). Performing the reaction dircctly on tlle 
unprotcctcd phenylglycinol afforded the N,O-diaryl product 
18a, indicating that tllc am i no !,'TOup must impcrativcly be pro· 
tcctcd to pœvenr the undesircd N·arylation pathway. A su rv~y 
of diffenmt amine prot<:cting groups dcmonstrated thar a ben· 
zyloxycarlxlnyl group (t8b) and a sulfonyl (1Bc) givc slighrly 
highcr yiclds of the dcsired o-aryl product than an acctyl (t8d). 
The scope of the reaction was thcn invcstigatcd by coupling 
different functionalized triarylbismuthancs with various 1,2· 
aminoalcohols (Schcme 3). The tert·butyloxycarbonyl (BOC) and 
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Scheme 2 Impact of the protecting group on the arytaUon of N-pro-
tected phenylglycinot derivatives. PG : Protecting Group. 
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Scheme 3 0 -Arylat'ion of 1.2·aminoalc.ohols using runctîonalized 
organobismuthanes. • Conditions A:. ArlBi (1.0 equiv.) , pyridine (L2 
equiv J. Cu(OAc)z (0.3 equiv.), toluene, 60 •c. 0 2, o. n ~ Conditions B: 
Ar3Bi (1.0 equiv.). pyridine (3.0 equiv.), Cu(OAc), (1.0 equivJ. CHzCi>. 
50 •c, Oz. o.n. 
benzy!oxycarbonyl (Cbz) protecting groups were sclecwd for 
thcir ease of in~tallation and removal. The organobismuth 
reagents were synthesized according to procedures thar wc 
reported previously""·M and the proto<.'OIS involving t-atalytic 
(Table 1, entty 10: conditions A) and stoichiometric (Table 1, 
entty 1: conditions B) amount of coppcr acetate were util ized. 
As expccted, the introduction of a mcrhyl group at the pam posi· 
rion or the triarylbismuth:me had little impact on the arylarion 
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process and afforded the corresponding 0-aryl product 21a in 
a reasonable yield uslng either conditions A or B. The transfer 
of an aryl group bearing an elcctron-wiùldmwing group such 
as a fluorine atom at the para position pmcceded equally weil, 
providing compound 21b in 72% yield under conditions 
B. H01vcver, intmducing an electron-donating group such as a 
mcthoxy at the para position led to a con iderable drop in the 
cfficiency of the process, as indicatcd by compound 21c. The 
reaction a Iso proved to be very sensith-e to ste rie hind mn ce, as 
shown by compound 21d where a mcthyl group is present at 
the ortho position of the aryl group being transferred. This 
phenomenon is not unpreccdentcd and was observed pre· 
viously in ù1e context of our stud ies on the coppcr·cataly•ed 
N·arylation of indoles"• and phenol .'76 Uncxpcctcdly, the 
effect of the ortho methyl group in. the arylation reaction was 
found tO be much higher wit.h alcohols than 'vith azotes and 
phenols. Next, wc in\<'Cstigated the transfe r of an aryl fragment 
possessing a diethylacctal and a trifluoromcthyl group at the 
meta position and obtaincd the corrcsponding 0-arylatcd pro· 
ducts 21e and 21.f in modestyields. Surprisingly, a mueh 101\<'Cr 
yicld was observcd whcn tris(3·form;ylphcnyl)bismuth was uti· 
lizcd as the arylating agent, as indicated by compound 21g. 
This is a sharp contmst to the results that wc obtaincd with 
this organobismuthanc in the arylation of azoles" • and phe· 
nols"• where the corrcsponding arylatcd products wcrc 
obtai ncd in excellent yiclds. The transfcr of a phcnyl group 
bearing an cx,fhmsatumtcd ester at the meta position prov(:d 
more efficient, affording compound 21 h in 70% yield undl'r 
conditions A. 
We then turn~'<l our attention to substratcs whcre the 
phenyl group of phcnylglycinol is substitutecl or rcplaced by an 
al kyi group. for instance, the para-ct:hoxy and ortho·mcthoxy 
derivati\<'Cs 2:ti and Zlj wcre obtained in modcrate yiclds using 
this prorocol. To our surprise, the insertion of a methylene 
unit bcrween the phcnyl group and the ami noalcohol segment 
led to an uncxpc<-tcd drop in the yicld of the rc-Jction (21a -. 
21k). rntere~t.ingly, products 21 1 and 21m wherc the phcnyl 
group is n:plat't'd by a tyclohcxyl or an iso·buryl moiety wcre 
sucœssfully pwparcd using this mcthod. Lastly, the arylation 
t'Oule! also be performed on a sccondary alcohol, as demon· 
stmtt'CI by t'Ompound 21n. 
rn ordcr to undcr~tand the rolc of the amino group in the 
arylation process, we pcrformcd a scrk-s of t'Ontrol expcr-
iments whcre specifie !,'COmetric and functional modific-Jtions 
are introduc'l.>d in the substmrc. Wc fir~t hypothesizL'CI that the 
NHBOC function could be promoting the O·arylation rc-attion 
through complexarion of the copper spt'!.'ics via the l"Jrbonyl 
moicry of the carbamatc. To test thi hypothcsis, wc rompar<x:l 
the reactivity of the cis· and cram.'N·BOC·indanol derivatives 
cis·22 and tmns·22 using conditions B (Scheme 4). rn the 
event, a higher yield w:.s observed for the trans stereoisomcr, 
suggcsting that the accelerating effect prOYidcd by rhc amino 
group is not a result of a complt•xation of metallic intermedi· 
ates by the carbonyl group. 
To further investigate the hypmhesi that the C=O bond of 
the ca rbamate could be dirccting the reaction through rom· 
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Scheme 4 Study of the effect of the conformational effect in the 0 -
arytation of N -BOC-l-amino-2-indanol22. 
Cu(<W:b(I.Ot!qLWo'} 
otA. SO"'C. O:.o.n ZC. ()(•O, U%) 
150 OC • HJt &4%} 
Scheme 5 Comparison of N-benzoyl 24a and N-benzyl24b protecting 
groups ln the coRper-catalyzed arylation of N-protected phenylglycinol. 
plexation of the coppcr spccles, we compared the reactivity of 
the N-bertzoyl and N-beiYLyl derivatives 24a and 24b of phenyl-
glyclnol in the arylation reaction (Schemc 5). Should there be a 
complexatîon involved, it would be reasonablc to cxpcct a 
much greater yield with the benzoyl compound 24a than with 
the benzyl analogue 24b. To ou r surprise, sim il ar yiclds of the 
o-aryl products wcrc obtaincd with both derivatives, thus in-
validating our complcxation hypothcsis. 
Wc U1cn hypothesized Ulat the amide N- H bond could be 
rcsponsiblc for the acceleration of the arylation reaction 
through formation of coppcr spt•des where Ule amide ac::ts as a 
ligand. To œst this hypothesis, wc:' pcrformed the arylation 
rt'3Ction using the N-mcthyl derivatives 26:1 and 26b and 
observcd a good conversion co the corresponding o-aryl products 
27a,b, thus diserediting this ccond hypothesis (Schemc 6). 
ln ordcr to bettcr cvaluatc ù1e importance of the arnino 
group in ù1e reaction, wt' d1en pcrformcd the arylation on phe-
nethylalcohol 28b, a simple alcohol wiili no amino group and 
observ~'<l a 30% drop in the yicld of the reaction compared to 
phenylglydnol15 (Scheme 7). This result clearly indicate thar 
the Jl-amino group has a dramatic cffcct on the arylation 
process. The arylation of bcnzyl alcohol 28:l and 3-phcnyl+ 
propanol 2Be providcd the corresponding 0 -phcnyl eU1ers 29a 
and 29c in similar yields as 28b. 
To evaluate the difference in reactivity betwccn simple alco-
hols and 1,2-ami noakohols more accurotcly, wc nL'Xt per-
formcd a competition expcrimt•nt bctwecn N-BOC-
ctL 
1:k (R•BOC) 
2CO (R • Mt) 
~(tOequft't 
PY!~(lO~ 
QI(OIIc,b(IO~ 
~60"C. cn,o.A. 
Scheme 6 Arylation of N-BOC-N-methy( and N.N-dimethyl phenyl-
glycinol derivatives 26a and 26b. 
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Scheme 7 0-Arytation of benzyl alcohol 28a, phenethyl alcohol 28b, 
and 3-phenyl-1-propanol28c. 
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Scheme 8 Competition studles between phenelhylaicohol 28b and 
N-BOC-phenylgtycinot 15. 
phenylglycinol 15 and phem'thylalcohol 28b (Sche mc 8). Aftcr 
16 hours, the 1H-NMR analysis of the cru de mixture indicated 
a ratio of 0-phenyi-N-BOC phenylglyci nol 16 over 29b of 
L ï : 1.0, suggcsting ù1at an am inoalcohol is more reactive th an 
a simple alcohol. 
We then postulatt•d Ulat the difference in reactivicy between 
1,2-aminoalcohols and simple alcohol s could derive from an 
inductive cffect gcnerated by the Jl-amino group, effecti"'!ly 
lowering the pK. of the aleohol moicty. To teSt this hypothcsis, 
wc pcrfom1cd a second competition expcriment betwt'cn 
N-BOOphcnylglyeinol 15 and pcntafluorophcncthylalcohol 30 
(Scheme 9). After 16 hours, the 'H-NMR analysis of the crude 
mixture showed a ratio of the 0-phenyl-N-iJOC phenylglyeinol 
16 ovcr O·phcnyl pcmanuorophcncrhylcthcr 31 of 1.1 : 1 .0, rhus 
demon&'trating that the pcntanuoroalcohol 30 has a similar 
rt-activity than N·BOC-phenylglyci nol 15 and thcreforc 
suggcsting that the presence of electron-withdrawing groups 
inercascs the reactivity of an alcohoL 
To fumisb furrl1er evidence of this effcet, the aqueous p.<.:;, 
values for alcohols 15, 28b, and 30 were calculated using a n>cen t 
mcthod reportcd by Pu lay L1 al." The C'dlculations wcre canil'<.l 
out using ORCA 3.0.1.2'1 Thl'St' valm•s werc C'dkulat<:d to be 15.8 
·~~ 
,y , 
F 
30 (1 .0eo\.W) 
CU(CM,cl:z ( t.O~) 
CHA. 60'C. 0: o.n. 
nltotl .)! •1.1 : 1 
•~o l~ 
·Y · .. F >l 
Scheme 9 Competition studies between 2-(pentafluorophenyl)ethanol 
30 and N-BOC-phenylglycinot 15. 
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Scheme 10 0-Arylallon of N-BOC-elhanolamlne 32a. 3-(N-BOC-
amlno)-1-propanol 32b. and 4-(N-BOC-aminol-l-butanol 32c . Con-
ditions A: ArlBi (1.0 equivJ, pyridine (1.2 equivJ. Cu(OAc), 10.3 equiv.l. 
toluene, 80 •c. o, o.n.; Cond~ions B: ArlBi (l.O equiv.), pyridine 
(3.0 equivJ, Cu(OAc)z (1.0 equiv.). CH,CI2, 50 •c. 0, o.n. 
for 15, 1 ï .3 for 28b, and 15.6 fur 30. Thcse values are in li ne v.odt 
the n-larivc reactivitil'S illu~tratcd in Schcmcs 8 and 9, th us sup-
porting tlw inductive cffcct hypothcsis. 
To furthcr support our hypothesis, wc pcrformed the O.aryl-
arion of aminoalcohols J:za-c whcrc the distance betwccn the 
amino !,'l'Oup and the alcohol is .ystematica.lly increascd by 
one methylene unit (Schcmc 10). The rc~<tlts indicate that the 
yicld is highcr for N-IlOC-cthanolaminc 32a which has the 
lowc~t pK •. T1w yield thcn decreascs as the pK. increascs, as 
shown by produ<:ts 33b and 33c. 
T11e rt:'Sults from Schemcs 7-10 support our hypothesis that 
an ami no group in !}position relative to an alcohol accelcmtes 
the 0-arylation reaction mainly via an inductive effet"!. 
Conclusions 
rn summary, 'vc have developcd a copper-cataly<cd 0-arylation 
reaction of 1,2-amlnoalcohols usi.ng functionalized triarylbis-
muthancs. The reaction is promoted by eatalyric amounts of 
copper ncetaœ and toleratcs a varicty of subscitucnts on ùte 
organobismuthanc, giving acccss to funclionalizcd p-arylo.xy-
amine . Different protetting g roup can be used on the ami no-
alcohol, such as BOC, Cbz, AC, and Ts. Finally, wc 
demonstratcd that the presence of an ami no group in~ relative 
to the alt'ohol providcs an incrcase in reactivity, probably 
ùtrough inductive effect. The application of this protocol to 
the arylation of où1cr hydroxy-contain ing substmtes is in pro-
gn-ss in our group and rcsults \\~Il be reported in due course. 
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1. General information 
Unless otherwise indicated ali reactions were run under argon in non-flame dried glassware. For 
reactions performed w1der oxygen, 99.6% extra dry oxygen was used. Unless otherwise stated, 
commercial reagents were used without further purification. Grignard reagents were prepared by 
conventional rnethods using rnetallic magnesium or via Knochel's procedure.1 Triphenylbisrnuth 
and anhydrous bismuth chloride 99.999% were purchased from Strern Chemicals. 
Triarylbisrnuthanes were prepared according to procedures that we previously reported _2,3,4 
Anhydrous solventS were obtained using a MBRAUN (mode! MB-SPS 800) encapsulated sol vent 
purification system. The evolution of reactions was monitored by analytical thin-layer 
chrornatography using silica gel 60 F254 precoated plates. Flash chromatography was perforrned 
employing 230-400 mesh silica (Silicycle) using the indicated solvent system according to 
standard techniques.5 Melting points were taken on an Electrothermal Mel-TEMP and are 
uncorrected. Nuclear magnetic resonance spectra eH, 13C) were recorded on a Bruker Avance-III 
300MHz spectrometer. Chemical shifts for 1H-NMR spectra are recorded in parts per million 
from tetramethylsilane with the solvent resonance as the internai standard (chloroform, 8 7.27 
pprn). Data are reported as follows: chemical shift, rnultiplicity (s = singlet, s(br) = broad singlet, 
d = doublet, t = triplet q = quarter, qt = quintuplet, dd = doublet of doublet, rn = multiplet), 
coupling constant Jin Hz and integration. Chernical shifts for 13C spectra are recorded in parts 
per million from tetramethylsilane using the central peak of deuterochloroform (ô 77. 16 pprn) as 
the interna! standard. IR spectra were recorded on a Thern1o Scientific Nicolet 6700 PT-IR from 
thin films and are reported in reciprocal centimeters (cm-1). HRMS were performed at Université 
du Québec à Montréal (nanoQAM center) on Agi lent Technologies, LC 1200 Series 1 6210 TOF 
LCMS analyzer using the electrospray (ES.I) mode. 
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2. Triarylbismuthanes used in the 0-arylation of N-protected 1,2-aminoalcohols 
The organobismuthanes used in this publication are illustrated in Figure SI. 
Q 
("y Bi~ 
v v 
A1 
~ 
r("yBi~ 
~ .tlA MeO AS OMe 
~ ~ 
O Bio l A Me AJ Me ("y BI~ ~ (A F A4 F 
~ ~T~ v. ~ Me 
~H 
0 y 0 
H~Bi~H v v A.9 
~~Et 
OEt y OEt 
EtO~Bi~OEt 
v A.7 v 
Figure Sl. Functionalized organobismuthanes used in this publication. Triphenylbismuth was 
purchased from Strem. Organobismuthanes A3, A4, A6 A7, A9 were synthesized according to: 
P. Petiot and A. Gagnon, Eur. J. Org. Chem., 2013, 5282. Organobismuthanes A2, AS, A8, AlO 
were synthesized according to: P. Petiot, J. Dansereau and A. Gagnon RSC Adv. , 2014, 22255. 
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3. General procedures for the 0-arylation of aminoalcohols 
Compounds 14, 16, 18a-d, 21a-n, cis-23, trans-23, 2Sa,b, 27a,b, 29a-c and 33a-c were prepared 
according to the following procedures: 
+ 
(1 .0 equiv.) 
FGé'p 0 FG ~Bi~ 
FGO 
A1 -9 (1 .0 equiv) 
Table Sl Reaction conditions· Method A and B 
Cu(0Ac)2 (x equiv) 
Pyridine (y equiv) 
solvent, 0 2, T, o.n. 
Amino- Ar3Bi Cu(OAc)2 Pyridine Method alcohol (A) 
(n equiv) (rn equiv) (x equiv) (y equiv) 
A 1.0 1.0 0.3 1.2 
B 1.0 1.0 1.0 3.0 
NHPG 
RJ......__o'Q 1 -FG 
...,; 
14, 16, 18a-d, 21a-n . 
cis-23, trans-23, 
25a,b, 27a,b, 29a-c, 
33a-c 
Sol vent Temperature 
toluene sooc 
dichloromethane 50°C 
Method A: In a sealcd tube, triarylbismuthine A (1 .0 equiv) was added, followed by copper (II) 
acetate (0.3 equiv) and the aminoalcohol (1.0 equiv) . The reagents were dissolved in anhydrous 
toluene (4 mL) and pyridine (1.2 equiv) was added to the mixture. The reaction tube was purged 
with dry oxygen for 30 seconds, sealcd and heated at 80°C overnight. The reaction mixture was 
cooled to r.t, transferred ru1d rinsed with EtOAc in a round bottom flask. Silica gel was added 
and the mixture was coocentrated under reduced pressure. The crude product was purified by 
flash column chromatography on silica gel using the indicated eluent system to give the 
corresponding product. 
Method B: Idem as method A except for copper (II) acetate (l.O equiv instead of 0.3 equiv) 
pyridinc (3.0 equiv instead of 1.2 equiv), in dichloromethane at so·c. 
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4. Characterization of products 
(S)-tert-Butyl-(1-(1-( m-tolyl)-lH-indol-3-yl)-3-(m-tolyloxy )propan-2-yl)carbamate (14) 
Method B was followed on a 0.1 7 mmol scale starting from N-BOC-
tryptophanol13 and A2. The crude product was purified on silica gel (10% 
EtOAc/hexanes) to afford 14 as a yellow oil (42 mg, 53%): RJ 0.65 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) o 7.64 (d, J = 7.7 Hz IH), 
7.46 (d,J = 8.1 Hz, IH), 7.26 (t,J= 7.7 Hz, IH), 7.14-7.02 (rn, 7H), 6.71-6.62 (rn, 3H), 4.98 (d,J 
= 7.8 Hz, IH), 4.24 (s(br), lH), 3.86 (qd, J = 9.2, 3.3 Hz, 2H), 3.13-3.10 (rn, 2H) 2.32 (s, 3H), 
2.23 (s, 3H), 1.38 (s, 9H); 13C-NMR (75 MHz, CDCI3) 8 158.9, 155.6, 139.7, 136.1, 129.4, 129.3, 
127.0, 126.9, 124.8, 122.6 122.0, 121.2, 120.2, 119.5, 115.6, 113.0, 111.6, 110.7 68.1, 50.6, 
28.6, 27.3, 21.6, 21.5; IR (neat) 3403, 3048, 2978, 2921, 2860, 1712, 1693, 1605, 1493, 1160; 
HRMS (ESJ) calcd for C3oH34N20 3: 470.2569, found 493.2457 (M+Na). 
(R)-tert-Buty1-(2-phenoxy-1-phenylethyl)carbamate (1 6) 
Method B was followed on a 0.21 mmol scale starting from (R)-tert-butyl (2-
hydroxy-1-phenylethyl)carbamate 15 and Al. The crude product was purified 
on silica gel (10% EtOAc/hexancs) to afford 16 as a yellow solid (48 mg, 
73%): m.p. 82°C. Spectral data was identical to literaturé: 1H-NMR (300 MHz, CDC13) o 7.34-
7.26 (m, 4H), 7.23-7.18 (m, 3H), 6.89 (t, J = 7.3 Hz, 1 H), 6.82 (d, J = 8.1 Hz, 2H), 5.26 (s(br) 
1H), 4.99 (s(br), IH), 4.19-4.08 (m, 2H), 1.36 (s 9H). 
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(R)-N-(2-Phenoxy-1-phcnylethyl)aniline (18a) 
~ 
HN~'O 
l "" 
a .& 
Method B was followed on a 0.36 mmol scale starting from (R)-2-phenyl-2-
(phenylamino)ethanol 17a and Al. The crude product was purified on silica 
gel (5% EtOAc/hexanes) to afford 18a as a white solid (65 mg, 62%): m.p. 
124°C; R1 0.66 (20% EtOAclhexanes); 1H-NMR (300 MHz, CDCh) 8 7.52-7.49 (m, 2H), 7.41-
7.27(m,5H), 7.15-7.09(m, 2H), 7.05-6.96(m, IH),6.94-6.91 (m, 2H), 6.71 (t, J = 7.4 Hz, lH), 
6.60-6.57 (rn, 2H) 4.74 (dd, J = 8.3, 3.8 Hz, lH), 4.65 (s(br), lH), 4.24 (dd, J = 9.6, 3.9 Hz, 1 H), 
4.08 (dd, J = 9.6, 8.5 Hz, lH); 13C-NMR (75 MHz, CDC13) 8 158.4, 147.5, 140.2, 129.6, 129.2, 
128.9 127.8, 127.0, 121.4, 118.0, 114.8, 114.1 , 72.0, 58.2; IR (neat) 3405, 3056, 3026, 2922, 
2850, 1598 1496, 1453, 1234, 1173, 748, 690; HRMS (ESI) calcd for C20H19NO: 289.1467, 
found 290.1548 (M+H). To further confirm the chemoselectivity of the reaction and the structure 
of the compound, we compared the data with the N,N-diphenyl isomer from the literature and 
found the Lwo compounds to be different. 7 
(R)-Benzyl (2-pbenoxy-1-phenylethyl)carbamate (1 8b) 
J Method B was followed on a 0.18 mmol scale starting from (RJ-benzyl 
~0 NH 
V ~o~ (2-hydroxy-1-phenylethyl)carbamate 17b and Al. The crude product 
v 18b v 
was purified on silica gel (5% EtOAc/hexanes) to afford 18b as a white 
solid (50 mg, 80%): m.p. 84°C; Rr 0.40 (20% EtOAc/hexanes); 1 H-NMR (300 MHz, CDCJ3) 8 
7.38-7.21 (rn 12H), 6.92 (t, J = 7.3 Hz, 1 H), 6.83 (d, J = 7.9 Hz, 2H), 5.59 (s(br), lH), 5.13-5 .03 
(m, 3H), 4.24-4.14 (m, 2H); 13C-NMR (75 MHz, CDCh) o 158.3 156.0, 139.5, 136.4, 129.6 
128.7, 128.6, 128.3, 127.9, 126.9, 121.4, 114.7, 70.4, 67.1, 54.5; IR (neat) 3403, 3324, 3063, 
3032, 2937, 1698, 1599 1496, 1456 1239, 1050, 753, 696; HRMS (ESI) calcd for Cn H21N03: 
347.1521 found 348.1595 (M+H). 
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(R)-4-Methyl-N-(2-phenoxy-1-phenylethyl)benzenesulfonamide (18c) 
Method B was followed on a 0.17 mmol scale starting from (R)-N-(2-
h ydroxy-1-phen yl eth y 1 )-4-methyl-S-meth yi enebenzenesu !fi namide 
17c and Al. The crude product was purified on silica gel (10% 
EtOAc/hexanes) to afford 18c as a colorless oil (48 mg, 77%): Rf 0.31 (20% EtOAc/hexanes); 
1H-NMR (300 MHz CDCh) S 7.65 (d, J = 8.3 Hz, 2H), 7.31-7.26 (rn, 7H), 7.20 (d, J = 8.0 Hz, 
2H), 7.00 (t, J = 7.4 Hz, IH), 6.81-6.79 (rn, 2H), 5.37 (d, J = 5.5 Hz, lH), 4.72 (q, J = 5.3 Hz, 
1H), 4.18-4.06 (rn, 2H), 2.42 (s, 3H); 13C-NMR (75 MHz, CDCI3) 8 157.8, 143.3, 137.4, 137.2, 
129.5, 129.4, 128.6 128.1 , 127.3, 121.5, 114.5, 70.4, 57.1, 21.5; lR (neat) 3305, 3075, 3050, 
2983, 2925, 1740, 1373, 1235, 1044, 754, 691 ; HRMS (ESI) calcd for Cz1HzJN03S: 367.1242, 
found 390.1139 (M+Na). The connectivity was further confirmed by COSY-NMR analysis, 
demonstrating that the 0 -phenyl isomer has been formed. 
(R)-N-(2-Phenoxy-1-phenylethyl)acetamide (18d) 
_ Jlo 1- cosv Metbod B was followed on a 0.28 mmol scale starting from (R)-N-(2-
,' H .N Me'~ 
~o~ bydroxy-1-pbenylethyl)acetamide 17d and Al . Tbe crude product was 
V--~(H v 
18d purified on silica gel (15% EtOAc/hexanes) to afford 18d as a yellow oil (51 
mg, 71 %): R1 0.1 0 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) o 7.48-7.41 (rn, 3H), 
7.39-7.31 (rn, 4H), 7.03 (t J = 7.4 Hz, IH), 6.97-6.94 (rn, 2H), 6.45 (d, J = 7.6 Hz, 11-I), 5.49-
5.43 (rn, l H), 4.35-4.26 (rn, 2H), 2.10 (s, 3H); 13C-NMR (75 MHz, CDCh) o 169.7, 158.4, 139.3, 
129.6, 128.7, 127.8, 127. 1, 121.4, 114.7, 69.9, 52.5, 23.4; IR (neat) 3438, 3285, 3061, 3028, 
2920, 2859 1650, 1599, 1494, 1453, 1238, 751 , 690; HRMS (ESI) calcd for C,6HnNOz: 
255.1259, found 256.1310 (M+H). The connectivity was further confirmed by COSY-NMR 
analysis, demonstrating that the 0-phenyl isomer bas been fonned. 
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(R)-tert-Butyl (l-pbenyl-2-(p-tolyloxy)ethyl)carbamate (2la) 
Method A was followed on a 0.21 mrnol scale starting from (R)-tert-butyl 
(2-hydroxy-1-phenylethyl)carbamate 15 and A3. The crude product was 
purified on silica gel (5% EtOAc/hexanes) to afford 21a as a colorless oil 
(47 mg, 68%): R1 0.55 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) ô 7.41-7.26 (rn, 5H), 
7.07 (d, J = 8.3 Hz, 2H), 6.78 (d, J = 8.6 Hz, 2H), 5.34 (s(br), 1H), 5.05 (s(br), lH), 4.24-4. 12 (rn, 
2H), 2.29 (s, 3H), 1.44 (s, 9H); 13C-NMR (75 MHz, CDCll) ô 156.3, 155.4, 140.0, 130.5, 130.0, 
128.6, 127.6, 126.8, 114.6, 79.8 70.8, 28.4, 20.5; IR (neat) 3463, 3339, 3081 , 3031 , 2976, 2926, 
2869, 1697, 1509, 1365, 1236, 1164, 1047, 699; HRMS (ESl) calcd for C2oH25N03: 327.1834, 
found 350.1717 (M+Na). 
(R)-terl-Butyi (2-(4-fluorophenoxy)-1-phenylethyl)carbamate (21 b) 
Method B was followed on a 0.21 mmol scale starting from (R)-tert-butyi 
(2-hydroxy-1-phenylethyl)carbamate 15 and A4. The crude product was 
purified on silica gel (5% EtOAc/hexanes) to afford 21b as a yellow solid 
(50 mg, 72%): rn.p. 86°C; R1 0.57 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) ô 7.39-
7.26 (m, SH), 6.98-6.9 1 (rn, 2H), 6.84-6.79 (m, 2H), 5.28 (s(br), lH), 5.04 (s(br), lH), 4.22-4.12 
(m, 2H), 1.43 (s, 9H); 13C-NMR (75 MHz, CDCJ3) o 159.1 , 156.0, 155.3, 154.6, 139.7, 128.6, 
127. 7, 126.8, 116.0, 1 1 5.8, 115.7, 79.9, 71.3, 28.4; IR (neat) 3445, 3018, 2979 2931, 1704, 1506, 
1367, 1215, 1165, 907, 751, 731 ; HRMS (ESI) calcd for C, 9H22FN03: 331.1584, found 354. 1476 
(M+Na). 
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(R)-tert-Butyl (2-( 4-methoxyphenoxy)-l-phenylethyl)carbamate (21 c) 
Method A was followed on a 0.21 mmol scale starting from (R)-tert-
butyl (2-hydroxy-1-phenylethyl)carbamate 15 and AS. The crude 
product was puri fied on silica gel (JO% EtOAc/hexanes) to afford 21c as 
a yellow oil (38 mg 53%): R1 0.43 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) o 7.40-
7.26 (rn, 5H), 6.82 (s, 4H), 5.33 (s(br), 1H), 5.02 (s(br), 1H), 4.21-4.10 (rn, 2H), 3.76 (s, 3H), 
1.43 (s, 9H); 13C-NMR (75 MHz, CDCb) o 155.4, 154.2, 152.6, 128.6, 127.6, 126.8, 115.7, 
114.7, 79.8, 71.5, 64.9, 55.8, 28.4; IR (neat) 3456 3345, 3100, 3063,2975,2932, 2834, 1701, 
1505, 1461 , 1227, 1162, 1032, 699; HRMS (ESI) calcd for C2oHzsN0 4: 343.1784, found 
366.1665 (M+Na). 
(R)-tert-Butyl (1-phenyl-2-(o-tolyloxy)ethyl)carbamate (21 d) 
Method A was followed on a 0.21 mmo1 scale starting from (R)-tert-butyJ (2-
hydroxy-l-pheny1etbyl)carbamate 15 and A6. The cmde product was purified 
21d 
on silica gel (5% EtOAc/hexanes) to afford 21d as a yellow solid (25 mg, 
36%): m.p. l00°C; R1 0.54 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCl3) ô 7.41-7.26 (m, 
5H), 7.15-7.10{m,2H), 6.86(t,J = 7.1 Hz, IH),6.77(d,J = 8.3Hz, IH), 5.31 (s(br) IH), 5.11 
(s(br), lH), 4.24 (dd, J = 9.3, 4.5 Hz, IH), 4.16-4.11 (m, 1H), 2.17 (s, 3H), 1.44 (s, 9H); 13C-
NMR (75 MHz, CDCI3) ô 156.4, 155.4, 139.8, 130.8, 128.5, 127.6, 126.9, 126.8, 120.9, 111.0, 
79.8, 70.8, 29.7, 28.4, 16.3; IR (neat) 3341 , 3063, 3031 , 2976 2926 2853, 1703, 1495, 1243, 
1169, 750; HRMS (ESf) calcd for C2oH25N0 3 : 327.1834, found 350.1717 (M+Na). 
367 
P. Petiot, J. Dansereau, M. Hébert, 1. Khene, T. Ahmad, S. Samaali, M. Leroy, F. Pinsonneault, 
C. Y. Legault and A. Gagnon 
(R)-tert-Butyl (2-(3-( diethoxymethyl)pbenoxy)-1-phenylethyl)carbamate (21 e) 
Method A was followed on a 0.2 1 mmol scale starting from (R) -tert-
butyl (2-hydroxy-1-phenylethyl)carbamate 15 and A 7. The crude 
product was purified on si lica gel (10% EtOAc/hexanes) to afford 21e 
as a colorless oil (50 mg, 57%): RJ 0.29 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) 8 
7.44-7.39 (rn, 4H), 7.36-7.29 (rn, 2H), 7.10-7.05 (rn, 2H) 6.86 (dd J = 7 .8, 2.0 Hz, IH), 5.48 (s, 
JH), 5.38 (s, IH), 5.09 (s(br), tH), 4.30-4.19 (rn, 2H), 3.70-3.51 (rn, 4H), 1.47 (s, 9H), 1.26 (t, J 
= 7.1 Hz, 6H); 13C-NMR (75 MHz, CDC13) ô 158.5, 155.4, 140.9, 129.3, 128.6, 127.6, 126.8, 
11 9.6, 114.6 112.7, 101.3 79.8, 70.6, 61.1 , 31.6, 28.4, 22.7, 15.2, 14.1 , 11.5; IR (neat) 3344 
3078,3065,2976 2931,2729, 1692, 1597 1259, 1166, 1050; HRMS (ESI) calcd for C24I-I33NOs: 
415 .2359, found 438.2245 (M+Na). 
(R)-tert-Buty1 (1-phenyl-2-(3-(trifluoromethyl)phenoxy)etbyl)carbama te (21 f) 
Metbod A was followed on a 0.21 mmol scale starting from (R)-tert-butyl 
(2-hydroxy-l-pheny1ethyl)carbamate 15 and A8. The crude product was 
purified on si lica gel (10% EtOAc!hexanes) to afford 21f as a yellow oil 
(34 mg, 42%): R1 0.54 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCb) ô 7.40-7.30 (m, 6H), 
7.21 (d, J = 7.7 Hz, 1H), 7.10-7.04 (m, 2H), 5.25 (s(br), 1H), 5.08 (s(br), 1H), 4.30-4.21 (rn, 2H), 
1.44 (s, 9H)· 13C-NMR (75 MHz, CDC13) ô 158.5, 155.3, 139.4, 132.5, 132.1, 131.7, 131.3, 
130.0, 128.7, 127.8, 126.8, 125.7, 122.1, ll8.0, 111.6, 80.0, 70.9, 28.3; IR (neat) 3473, 3329, 
3079, 3033,2978, 2931 , 1703, 1493, 1452, 1238, 1167, 1126, 698; HRMS (ESI) calcd for 
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(R)-tert-Butyl (2-(3-formylphenoxy)-1-phenylethyl)carbamate (21g) 
Method B was followed on a 0.21 mmol scale starting from (1?)-tert-butyl 
(2-hydroxy- 1-phenyletbyl)carbamate 15 and A9. The crude material was 
purified on silica gel (15% EtOAc/hexanes) to afford 21g as a colorless 
oi1 (19 mg, 27%): R1 0.26 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDC13); o 9.95 (s, 1 H), 
7.48-7.26 (rn, 8H), 7.15 (dt, J = 7.5 2.1 Hz, IH), 5.29 (s(br), lH), 5.08 (s(br), lH), 4.3 1-4.19 (rn, 
2H), 1.43 (s, 9H); 13C-NMR (75 MHz, CDCh) o 192.0, 159.0, 155.3, 139.4, 137.8, 130.2 128.7, 
127.8, 126.8, 123.9, 121.8, 113.2, 80.0, 70.9, 53.9, 28.4; IR (neat) 3355, 3085, 3056,2976,2931, 
2740, 1689, 1596, 1585, 1484, 1451 , 1251 , 1164, 1050; HRMS (ESI) calcd for C2oH23N04 : 
341.1627, found 364. 1529 (M+Na). 
(R,E)-Ethyl 3-(3-(2-( (tert-b u toxycarbonyl)amino )-2-ph en ylethoxy )phenyl)acrylate (21 h) 
Method A was followed on a 0.08 mmol scale starting from (R)-
tert-buty! (2-hydroxy-1-phenylethyl)carbamate 15 and AlO. The 
crude material was puritïed on silica gel (15% EtOAc/hexanes) to 
afford 2lh as a colorless oïl (23 mg, 70%): Rr 0.30 (20% EtOAclhexanes)· 1H-NMR (300 MHz, 
CDC13); o 7.63 (d, J = 15.9 Hz, IH), 7.42-7.26 (rn, 6H), 7.12 (d, J = 7.7 Hz, IH), 7.05 (s lH), 
6.91 ( dd, J = 8.2, 1.9 Hz 1 H) 6.43 ( d, J = 15.9 Hz, 1 H), 5.31 (s(br), 1 H), 5.08 (s(br), IH) 4.30-
4.16 (rn, 4H), 1.45 (s, 9H), 1.34 (t J = 7.1 Hz, 3H); 13C-NMR (75 MHz, CDCI3) o 166.9, 158.8, 
155.3, 144.3, 135.9, 129.9, 128.7, 127.8, 126.8, 121.4, 118.8, 116.7, 113.7, 80.0, 70.7 60.5 , 28.4, 
14.3; IR (neat) 3351 , 3071,3048, 2977, 2932, 1700, 1637, 1579, 1492, 1445, 1365, 1245, 1159, 
1 030; HRMS (EST) calcd for C2,J129N05: 411 .2046, found 434. 1941 (M+Na). 
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(R)-tert-Butyl (1-(4-ethoxyphenyl)-2-phenoxyethyl)carQamate (2li) 
Method B was followed on a 0.18 mmol scale starting from (R)-tert-butyl 
( 1-( 4-ethoxypheoyl)-2-hydroxyethyl)carbamate and Al. The crude 
material was purified on silica gel (10% EtOAc/hexanes) to afford 21i as 
a white solid (26 mg, 40%): m. p. 125°C; Rf 0.40 (20% EtOAc/hexanes); 1 H-NMR (300 MHz, 
CDCh) o 7.34-7.27 (rn, 4H), 6.98 (t, J = 7.3 Hz, IH), 6.93-6.87 (rn, 4H), 5.29 (s(br), 1H), 5.02 
(s(br), 1H), 4.25-4.20 (rn, 1H), 4.17-4.15 (m, 1H), 4.04 (q,J= 7.0 Hz, 2H), 1.46-1.41 (rn, 12H); 
13C-NMR (75 MHz, CDCI3) ô 158.4, 155.4, 131.8, 129.5, 128.0, 121.2, ll5.4, 114.6, 114.5, 79.8, 
70.6, 63.5, 28.4, 14.9; IR (neat) 3350, 3065, 3034, 2977,.2930, 2875, 1694, 1501, 1496, 1238, 
ll64, 1046, 754. 
(R)-tert-Butyl (1-(2-methoxyphenyl)-2-phenoxycthyl)carbamate (2lj) 
Method B was followed on a 0.13 mmol sca1e starting from (R)-tert-butyl (2-
hydroxy-1-(2-meùlOxyphenyl)ethyl)carbamate and Al. The crude rnaterial 
was purified on silica gel (10% EtOAc/hexanes) to afford 21j as a white solid 
(17 mg, 38%): rn .p. 104°C; ~r0.38 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDC13) ô 7.35-
7.22 (rn, 4H), 7.00-6.95 (rn, 2H), 6.89 (dd, J = 8.8, 3.7 Hz, 3H), 5.62 (s(br), 1H), 5.39 (s(br), 1H), 
4.24 (dd, J = 9.5, 5.1 Hz, lH), 4.17-4.12 (rn, lH), 3.88 (s, 3H), 1.47 (s, 9H); 13C-NMR (75 MHz, 
CDCl3) ô 158.6, 156.8, 155.4, 129.6, 129.4, 128.7, 128.5, 120.9, 120.7, 115.3, 1 14.7, 110.6, 79.6, 
69.4, 55.3, 50.8, 28.4; IR (neat) 3444, 3361 , 3061 , 3038, 2975, 2933, 2837, 1701 , 1600, 1492, 
1461 , 1365 1240, 1166, 752. 
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(R)-terl-Butyl (1-phenyl-3-(p-tolyloxy)propan-2-yl)carbamate (21k) 
Metbod A was followed on a 0.20 mmol scale starting from (R)-tert-
butyl (2-hydroxy-1-phenylethyl)carbamate and A3. The crude material 
was purified on silica gel (10% EtOAc/hexanes) to afford 21k as a 
yellow solid (33 mg, 48%): m.p. 69°C; R1 0.54 (20% EtOAc!hexanes); 1H-NMR (300 MHz, 
CDCb) ô 7.33-7.24 (rn, 5H), 7.11 (d, J = 8.4 Hz, 2H), 6.81 ( d J = 8.6 Hz, 2H), 5.00 (s(br), 1 H), 
4.17 (s(br), 11-I), 3.92-3.84 (m, 2H), 3.02 (d, J = 7.7 Hz, 2H), 2.33 (s, 3H), 1.47 (s, 9H); 13C-NMR 
(75 MHz, CDC13) o 156.5, 155.3, 137.9, 130.3, 130.0, 129.5, 128.5, 126.5, 114.4, 79.5, 67.8, 
51.4, 37.8, 28.4, 20.5; IR (neat) 3452, 3350, 3061 , 3028, 2976, 2925, 2868, 1710, 1510, 1238, 
1165 1039, 700· HRMS (ESI) calcd for C21H21N03: 341.1991 , found 364.1879 (M+Na). 
(R)-tert-Butyl (1-cyclohexyl-2-phenoxyethyl)carbamate (211) 
Metbod A was followed on a 0.20 mmol scale starting from tert-buty1 (IR)- 1-
cyclohexyl-2-bydroxyethylcarbamate and AI. The crude material was purified 
on silica gel (8% EtOAc/hexanes) to afford 211 as a white solid (39 mg, 60%): 
m.p. 130°C; R10.31 (10% AcOEt/hexanes); 1H-NMR (300 MHz, CDCh) ô 7.31 -7.26 (rn, 2H), 
6.98-6.93 (rn, IH), 6.91-6.88 (rn 2H), 4.85 (d, J = 9.4 Hz, IH), 4.06 (dd, J = 9.4, 3.2 Hz, 1H), 
3.95 (dd, J = 9.4, 3.8 Hz 1H), 3.74-3 .68 (rn, lH), 1.89- 1.66 (rn, 6H), 1.45 (s, 9H), 1.26-1.01 (rn, 
5H); 13C-NMR (300 MHz, CDC13) ô 158.8, 155.8, 129.5, 120.9, 114.5, 79.2, 67.7, 54.5, 39.0, 
29.9, 29.3, 28.4, 26.3, 26.1, 24.7; IR (neat) 3392, 3008, 2965, 2931 , 2847, 1686, 1601 , 1498, 
1467 1239, 1167, 1152, 753, 692; HRMS (ESI) calcd forC 19H29N03: 319.2147, found 342.2025 
(M+Na). 
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Benzyl (R)-(4-methyl-1-phenoxypentan-2-yl)carbamate (21m) 
0 Method A was followed on a 0.20 mmol scale starting from benzyl (R)-(1-
HNJlo~ ~ V hydroxy-4-methylpentan-2-yl)carbamate and Al . The cru de material was 
21 m 
0U puri fied on silica gel (1 0% EtOAc/hexanes) to afford 21m as a colorless oil 
(32 mg, 49%): RJ 0.55 (20% EtOAc/hcxanes); 1H-NMR (300 MHz, CDCb) o 7.41-7.29 (rn, 7H), 
7.03-6.88 (m, 3H), 5.16 (s, 2H), 5.03 (d, J = 8.5 Hz, 1H), 4.19-3.97 (rn, 3H), 1.80-1.68 (rn, IH), 
1.63-1.54 (m, 2H), 1.00 (d, J = 6.5 Hz, 6H); 13C-"NMR (75 MHz, CDC13) o 158.7, 156.0 136.5, 
129.6, 129.5, 128.6, 128.1, 121.0, 115.3, 114.5, 69.8, 66.8 48.9, 41.0, 36.7, 24.8, 23.0, 22.3; IR 
(neat) 3324, 3065, 3038, 2955, 2869 1695, 1599 1513, 1496, 1237, 753; HRMS (ESI) calcd for 
C2oHzsN03: 327.1834, found 328.1922 (M+H). 
(S)-tert-Buty13-phenoxypyrrolidine-1-carboxylate (21n) 
-o Method B was followed on a 0.27 mmol scale starting from (S)-tert-buty! 3-op ~Il N hydroxypyrrolidine-1 -carboxylate and Al. The crude material was purified on 
oÂ o 21n + silica gel (15% EtOAc/hexanes) to afford 21n as a yellow oil (37 mg, 52%): R1 
0.46 (20% EtOAc!hexanes); 1H-NMR (300 MHz, CDCb) o 7.31-7.28 (rn, 2H), 7.00-6.98 (rn, 
lH) 6.89 (d, J = 8.0 Hz, 2H), 4.90 (s, 1H), 3.65-3.55 (rn, 4H), 2.18-2.06 (rn, 2H), 1.49 (s, 9H); 
13C-NMR (75 MHz, CDC13) o 157.2, 154.6, 129.6, 121.1 , 115.6, 79.4, 76.3, 75 .5, 51.7, 51.4, 
44.1 , 43.8, 31.5, 30.8, 28.5; IR (neat) 3069, 3038, 2975, 2881 , 1690, 1599, 1587, 1494, 1401 , 
1364, 1237, 1164, 752; HRMS (ESI) calcd for C15H21 N03: 263.1521 , found 286.1420 (M+Na). 
372 
P. Petiot, J. Dansereau, M. Hébert, T. Khene, T. Ahmad, S. Samaali, M. Leroy, F. Pinsonneault, 
C. Y. Legault and A. Gagnon 
tert-But)'l ((J R,2S)-2-phenoxy-2,3-dihydro-J H-inden-1 -yl)carbamate ( cis-23) 
o Method B was followed on a 0.20 mmol scale starting from tert-buty! ((JR,2S)-
HN--\-*: 
():)-o 2-hydroxy-2,3-dihydro-1 H-inden-1 -yl)carbamate cis-22 and Al. The crude 
cfs-23 b material was purified on si1ica gel (10% EtOAc/bexanes) to afford cis-23 as a 
yellow solid (34 mg, 52%): m.p. l06°C; R1 0.57 (20% EtOAc/hexanes); 1H-NMR (300 MHz, 
CDCh) ô 7.30-7. 12 (rn, 6H), 6.91-6.81 (~, 3H), 5.40-5.35 (rn, 1H), 5.28-5.25 (rn, 1H), 5.07 
(s(br), 1H), 3.08 (d, J = 2.5 Hz, 2H), 1.40 (s, 9H); 13C-NMR (75 MHz, CDC13) ô 157.6, 156.2, 
141.7, 139.4, 129.6, 128.0, 127.2, 125.1 , 124.1 , 121.3, 115.8, 79.7, 78.8, 58.0, 36.9, 28.4; IR 
(neat) 3471 3359, 3098, 3061 , 2981 , 2929, 1695, 1598, 1495, 1243, 1171, 1061 ; HRMS (ESI) 
ca1cd forC20H23N03: 325.1678, found 348.1578 (M+Na). 
tert-Butyl ((JR,2R)-2-phenoxy-2,3-dihydro-JH-inden-l-yl)carbamate (trans-23) 
0 Method B was followed on a 0.20 mmol scale starting from tert-buty1 HN-'Z f -~ 0~ ((JR,2R)-2-hydroxy-2,3-dihydro-JH-inden-1-yl)carbamate trans-22 and Al. VJ-o ~rans-23 b The crude material was purified on si1ica gel (10% EtOAc/hexanes) to afford 
trans-23 as a white so1id (45 mg, 69%): m. p. ll5°C; R1 0.46 (20% EtOAc/hexanes); 1 H-NMR 
(300 MHz, CDCI3) o 7.39-7.24 (m, 6H) 7.06-6.98 (m, 3H), 5.32 (s(br), 1H), 4.96-4.91 (rn, IH), 
4.84 (s(br) lH), 3.51 (dd, J = 16.4, 6.5 Hz, 1H), 3.04 (dd, J = 16.4, 4.8 Hz, 1H) 1.50 (s, 9H); 
13C-NMR (75 MHz, CDCI3) o 1 58.0, 155.4, 140.6, 139.9, 129.5, 128.6, 127.4, 125.1, 124.6, 
121.1, 115.8, 83.8, 79.8, 61.4, 36.9, 28.4; IR (neat) 3338, 3089, 3050, 2974, 2875, 1689, 1519, 
1493, 1235, 1166, 1055, 746; HRMS (ESI) calcd for C2oH23N03: 325.1678, found 348.1562 
(M+Na). 
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(R)-N-(2-Phenoxy-1-phenylethyl)benzamide (25a) 
0 
HN)l_Ph 
Method B was followed on a 0.083 m.mol scale starting from (R)-N-(2-hydroxy-
1-phenylethyl)benzamide 24a and Al. The crude product was purified on silica en 
258 'Q gel (15% EtOAc/hexanes) to afford 25a as a white solid (18 mg, 68%): m.p. 
123°C; R1 0.25 (20% EtOAc!hexanes); 1H-NMR (300 MHz, CDCh) 8 7.83-7.80 (rn, 2H), 7.54-
7.26 (rn, 9H), 7.01-6.92 (rn, 4H), 5.64-5.58 (m, IH), 4.42-4.33 (rn, 2H); 13C-NMR (75 MHz, 
CDCI3) 8 167.1, 158.4, 139.3, 131.7, 129.6, 128.8, 128.7, 127.9, 127.1, 127.0, 121.5, 1 14.7, 70.0, 
52.9; IR(neat) 3446,3295, 3061 , 3030, 2925,2873, 1634, 1537, 1491 1239, 1042, 691; HRMS 
(ESI) calcd for C21H19N02: 317.1416, found 318.1478 (M+H). 
(R)-N-Benzyl-2-phenoxy-1-phenylethanamine (25b) 
HN ......... Ph Method B was followed on a 0.22 mmol scale starting from (R)-2-
~0U (benzylamino)-2-pbenylethanol 24b and Al. The crude product was purified 
on si1ica gel (5% EtOAc!hexanes) to afford 25b as a yellow oil (43 mg, 64%): Rf 0.60 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) 8 7.55-7.52 (rn, 2H), 7.45-7.24 (rn, !OH), 6.99-
6.88 (rn, 3H), 4.21 (dd, J = 8.9, 3.8 Hz lH), 4.10-3.99 (rn, 2H), 3.78 (d, J = 13.2 Hz, 1H), 3.65 
(d, J = 13.3 Hz, 1H), 2.33 (s(br), 1H); 1H-NMR (300 MHz, DMSO-d6) 8 7.51 -7.26 (rn, 12H), 
6.97-6.92 (rn, 3H), 4.10-4.03 (rn, 3H), 3.68 (d, J = 13.6 Hz, IH) 3.55 (d, J = 13.6 Hz 1H), 2.76 
(s(br), lH); 13C-NMR (75 MHz, CDCh) o 158.6, 140.5, 140.1 , 129.5, 128.7, 128.4, 128.1 , 127.9, 
127.8, 126.9, 121.0, 114.7, 72.8, 61.8, 51.4; IR (neat) 3304, 3057, 3023,2912, 2848, 1597, 1494, 
1448, 1323, 1238, 1144, 752; HRMS (ES I) calcd for C21H2tNO: 303.1623, found 304.1700 
(M+H). To further confirm the chemoselectivity of the reaction and the structure of the 
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compound, we compared the data with the N-phenyl isomer from the literature and found the two 
compounds to be different. 8 
(R)-tert-Butyl methyl(2-phenoxy-1-phenylethyl)carbamate (27a) 
Method B was followed on a 0.20 mmo1 scale starting from (R)-tert-butyl (2-
hydroxy-1-pbeny1ethy1)(methyl)carbamate 26a and Al. The crude product 
was purified on si1ica gel (5% EtOAc/hexanes) to afford 27a as a yellow oi1 
(43 mg, 66%): R1 0.60 (20% EtOAclhexanes); 1H-NMR (300 MHz, CDCI)) 8 7.40-7.26 (rn, 7H), 
7.00-6.94 (m, 3H), 5.58 (s, lH), 4.48-4.36 (rn, 2H), 2.76 (s, 3H), 1.46 (s, 9H); 13C-NMR (75 
MHz, CDC13) o 158.5, 138.0, 129.5, 128.6, 127.6, 127.5, 127.3, 127.2, 121.2, 114.8, 79.9, 67.0, 
29.7, 28.4; IR (neat) 3063, 3031 , 2975, 2928, 1690, 1599, 1496, 1390, 1243, 1146, 754; HRMS 
(ESI) calcd for C20H25N03: 327.1834, found 350.1720 (M+Na). 
(R)-N,N-Dimetbyl-2-phenoxy-1-phenyletbanamine (27b) 
Method B was followed on a 0.24 mmol scale starting from {R)-2-
(dimethylamino)-2-pheny1ethanol 26b and AL The crude product was purified 
on silica gel (5% EtOAclhexanes) to afford 27b as a yellow oil (42 mg, 73%): 
R1 0.32 (20% EtOAclhexanes); 1H-NMR (300 MHz, CDCh) 8 7.33 (d, J = 4.4 Hz, 4H), 7.30-7.21 
(m, 3H), 6.93-6.85 (m, 3H), 4.30 (dd, J = 10.0, 6.1 Hz, IH), 4.1 8 (dd, J = 10.0, 4.8 Hz, 1H), 3.60 
(t, J = 5.2 Hz, lH), 2.29 (s 6H)· 13C-NMR (75 MHz, CDC13) o 158.7, 139.4, 129.4, 128.4 128.3, 
127.6, 120.9, 114.8, 69.9, 69.7, 43.6· IR (neat) 3061 , 3029, 2948,2866 2821,2774, 1598, 1586, 
1495, 1469, 1454, 1238, 1041 , 752, 691 ; HRMS (ESI) calcd for C,6H19NO: 241.1467, found 
242.1542 (M+H). 
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Benzyloxybenzene (29a) 
~o,Û Method B was followed on a 0.46 mmol scale starting from phenylmetbanol 28a 
V 29a and Al. The crude material was purified on silica gel (heptane) to afford 29a as 
a yellow oit (29 mg, 34%): R/ 0.73 (20% EtOAc/hexanes) ; 1H-NMR (300 MHz, CDCh) ô 7.48-
7.26 (m, 7H), 7.02-6.96 (rn, 3H), 5.09 (s, 2H); 13C-NMR (75 MHz, CDCh) 8 158.8, 137.1, 129.5, 
128.6 128.0, 127.5, 121.0, 114.9, 70.0; lR (neat) 3064, 3032, 2918, 1598, 1495, 1454, 1240, 
1029, 752; HRMS (ESI) calcd for CI3Ht20: 184.0888, found 185.0967 (M+H). 
Phenethoxybenzene (29b) 
Method B was followed on a 0.41 mmol scale starting from 2-phenylethanol 
~0~ 
V 
29
b V 28b and Al. The cru de material was puri fied on silica gel (1 0% 
EtOAc/hexanes) to afford 29b as a colorless ail (35 mg, 43%): R1 0.75 (20% EtOAclhexanes); 
1H-NMR (300 MHz CDCI3) ô 7.39-7.27 (rn, 7H) 7.01-6.93 (rn, 3H), 4.22 (t J = 7.1 Hz 2H), 
3.15 (t, J = 7.1 Hz, 2H); 13C-NMR (75 MHz, CDCb) 8 158.8, 138.3, 129.5, 129.0 128.5, 126.5, 
120.8, 114.6, 68 .6, 35.8· IR (neat) 3063, 3028, 2927, 2870, 1597, 1586, 1497, 1472, 1243, 1037, 
752; HRMS (ESI) calcd for C14H 140 : 198.1045, found 199.1111 (M+H). 
3-Phenoxypropylbenzene 29c 
,Û Method B was followed on a 0.37 mmol scale starting from 3-
~0 phenylpropan-1-ol 28c and Al. The crude material was purified on silica V 29e 
gel (15% EtOAc/hexanes) to afford 29c as a yellow oi1 (34 mg, 43%): Rf 0.79 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) 8 7.38-7.23 (rn, 7H), 7.03-6.95 (rn, 3H), 4.03 (t, J 
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= 6.3 Hz, 2H), 2.88 (t, J = 7.3 Hz, 2H), 2.22-2.13 (rn, 2H)· 13C-NMR (75 MHz, CDCh) o 159. t, 
141.6, 129.5, 128.6, 128.5, 126.0, 120.6, 114.6, 66.8, 32.2, 30.9; IR (neat) 3062, 3027, 2927, 
2869, 1600, 1586, 1497, 1469, 1245 1039, 751, 691; HRMS (ESl) ca1cd for C 15H160: 212.1201 
found 213.1277 (M+H). 
tert-Butyl (2-pbenoxyethy1)carbamate 33a 
.... 1 o Method A was followed on a 0.31 mmol scale starting from tert-butyl (2-./"--o)l N~0V 
H 1 8 hydroxyethy1)carbamate 32a and Al. The erode material was purified on 33a 
silica gel ( 15% EtOAclbexanes) to afford 33a as a colorless oil (38 mg, 52%): Rr 0.47 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDCl3) o 7.34-7.28 (rn, 2H), 7.01-6.96 (m, IH), 6.93-6.90 
(rn, 2H), 5.07 (s(br), 1H), 4.04 (t, J = 5.1 Hz, 2H), 3.58-3.53 (m, 2H), 1.48 (s, 9H); 13C-NMR (75 
MHz, CDCb) o 158.6, 156.0, 129.6, 121.1 115.4, 114.5, 79.6, 67.1, 40.2, 28.4; IR(neat) 3351 , 
3057, 3038, 2976, 2932, 2875, 1693, 1599, 1587, 1496, 1274, 1241 , 1164, 752· HRMS (EST) 
calcd for C13H19NÜ3: 237.1365, found 260.1256 (M+Na). 
tert-Butyi (3-phenoxypropyl)carbamate 33b 
0 h Method A was followed on a 0.28 mmol scale starting from tert-buty! )lO)lN~OAJ 
H (3-hydroxypropyl)carbamate 32b and Al. The erode material was 
33b 
puri.fied on silica gel (15% EtOAc/hexanes) to afford 33b as a yellow solid (28 mg, 40%): m.p. 
69°C; Rr 0.42 (20% EtOAc/hexanes), 1H-NMR (300 MHz, CDCb) 8 7.30 (dd, J = 8.3, 0.7 Hz, 
2H), 6.97-6.90 (rn 3H), 4.82 (s(br), 1 H), 4.04 (t, J = 5.9 Hz, 2H), 3.35 (q, J = 6.2 Hz, 2H), 2.07-
1.96 (rn, 2H), 1.47 (s, 9H); 13C-NMR (75 MHz, CDCb) o 158.8, 156.1, 129.5 120.8, 114.5, 79.2, 
65.7, 38.1 29.5, 28.4; IR (neat) 3351, 3072, 3038, 2976, 2931 , 2875, 1689, 1600, 1587, 1497, 
1365 1242, 1169 753; HRMS (ESI) ca led for C14H2 1N03: 251.1521 , fou nd 274.141 1 (M+Na). 
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tert-Butyl (4-phenoxybutyl)carbamate (33c) 
, 
1 0 
Method B was followed on a 0.26 mmol scale starting from tert-butyl 
;::'--..O)lN~Ol) 
H 1 .& (4-hydroxybutyl)carbamate 32c and Al. The crude matcrial was 
33c 
purified on silica gel (15% EtOAc/hexanes) to afford 33c as a colorless oil (29 mg, 42%): Rt 0.50 
(20% EtOAc/hcxanes); 1H-NMR (300 MHz, CDCh) 8 7.32-7.27 (rn, 2H), 6.98-6.90 (rn, 3H), 
4.70 (s(br), lH), 3.99 (t, J = 6.1 Hz, 2H), 3.21 (q, J = 6.4 Hz, 2H), 1.86-1.79 (rn, 2H), 1.74-1.66 
(rn, 2H), 1.47 (s, 9H); 13C-NMR (75 MHz, CDCh) 8 158.9, 156. 1, 129.5, 120.7, 114.5, 79.1, 
67.3, 40.3 , 28.4, 26.9, 26.6; IR (neat) 3357, 3065, 3034, 2975, 2933, 2870, 1689, 1600 1586, 
1497, 1473, 1365, 1243, 1168, 753 ; HRMS (ESI) calcd for C15H23N03: 265.1678, fow1d 
288.1566 (M+Na). 
S. Competition studies 
Scheme 8. Competition studies betwcen phenethylalcohol 28b and (R)-N-tert-buty1oxycarbonyl-
2-phcnylglycinollS: 
ln a sealed tube, triphenylbismuth Al (0.41 mmol, 1.0 equiv) was added, followed by copper (Il) 
acetate (l.O equiv) and alcohol 28b and 1.5 (1 .0 equiv for each). The reagents were disso1ved in 
anhydrous dich1oromethane (5 mL) and pyridine (3 .0 equiv) was added to the mixture. The 
reaction tube was purged with dry oxygen for 30 seconds sealed and heated at 50°C overnight. 
The reaction mixture was cooled to r.t. , concentrated Wlder reduced pressure and diluted with 
EtOAc. The orgai).ÎC layer was washed witl1 aq. anu11oniW11 hydroxide (2x20mL), brine 
(1x20mL), dried over sodium sulfate, filtered and concentrated under reduced pressure. The 
NMR was taken on the obtained crude oil. The ratio of 29b and 16 was determined by the 
~ -----------------
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integration of signais corresponding to the benzylic C- H of 16, and the benzylic CH2 of 29b, 
a:fter correction for the number of protons. 
Scheme 9. Competition studies between (pentafluorophenyl)ethanol 30 and (R)-N-tert-
butyloxycarbonyl-2-phenylglycinollS: 
ln a sealed tube, triphenylbismuth Al (0.41 mmol, 1.0 equiv) was added, followed by copper (Il) 
acetate (1.0 equiv) and alcohol 30 and 15 (1.0 equiv for each). The reagents were dissolved in 
anhydrous dichlorometha:ne (5 mL) and pyridine (3.0 equiv) was added to the mixture. The 
reaction tube was purged with dry oxygen for 30 seconds, sealed and heated at 50°C overnight. 
The reaction mixture was cooled to r.t. , concentrated under reduced pressure, and diluted with 
EtOAc. The organic layer was washed with aq. ammonium hydroxide (2x20mL), brine 
(lx20mL), dried over sodium sulfate, filtered and concentrated under reduced pressure. The 
NMR was taken on the obtained erode oil. The ratio of 31 and 16 was deterrnined by the 
integration of signais corresponding to the benzylic C-H of 16 and the benzylic CH2 of 31, after 
correction for the number of protons. 
1,2,3,4,5:-Pentafluoro-6-(2-pbenoxyethyl)benzene (31) 
F 
1H-NMR (300 MHz CDCl3) o 7.33-7.26 (m, 2H) 7.00-6.95 {rn, 1H), 6.90-
F~oV 1 fi 1 fi 6.86 (m, 2H), 4.18 (t, J = 6.5 Hz, 2H), 3.22 (t J = 6.5 Hz, 2H); 13C-NMR 
F F · 
F 31 (75 MHz CDCJ3) o 158.3, 129.5, 121.2, 114.5, ll1.6, 111.5, 111.3, 65.6, 
29.7, 22.9; IR (neat) 3706, 3680, 3035, 2967, 2937, 2866, 1657, 1601 , 1504, 1242, 1055, 752; 
HRMS (ES!) calcd for C14H9FsO: 288.0571 , found 289.0644 (M+H). 
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6. Computational details 
Ali calculations were performed with ORCA 3.0.1 software. The procedure reported by 
Pulay et al. was direct! y applied to the selected compounds for pKa determination, using the 
equation described below.9 The structures were fully optimized with the OLYP density 
functionaJlO in combination with the 3-21G basis set for ali atoms, using the COSMO 
solvation mode! for water.11 Harmonie vibrational frequencies were computed for ali 
optimized structures to verify that they were minima, possessing zero imaginary 
frequencies. The reported energies, used for pKa calculations, were obtained by single point 
calculations on the optimized structures using the OLYP density functional with the 6-
311 +G(d,p) basis set, again using the COSMO solvation mode! for water. 
pKa prediction equation for alcohols, as reported by Pulay et al.9 
pKa = 0.3333·ilE- 90.447 
T bi S2 C d a e . ompute va ues or se ecte d d compoun s. 
Compound E (Eh) anion (A-) E (Eh) neutral (HA) .!lE (kcal/mol) PKa 
15 -786,696005 -787,204025 318,787856 15,8 
17b -899,804801 -900,311973 318,255690 15,6 
17d -593,560154 -594,066536 317,759687 15,5 
24a -785,273340 -785,779612 317,690598 15,4 
24b -711,194933 -711,703171 318,924471 15,9 
26a -825,978949 -826,484095 316,984430 15,2 
26b -519,463652 -519,971521 318,692688 15,8 
28b -385,539151 -386,054130 323,154341 17,3 
30 -881,759638 -882,266431 318,018046 15,5 
32a -555,685213 -556,189037 316,154172 14,9 
32b -594,981172 -595,491005 319,925776 16,2 
32c -634,276128 -634,786611 320,333426 16,3 
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Synthesis of Highly Functionalized Triarylbismuthanes 
by Functional Group Manipulation and use in C-, N-, and 
0-Arylation Reactions 
Pauline Petiot0 and Alexandre Gagnona,b* 
a Département de chimie, Université du Québec à Montréal, C.P. 8888, Succursale Centre-
Ville, Montréal, Québec, Canada, H3C 3P8 
b Centre in Green Chemistry and Catalysis 
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ABSTRACT 
Organobismuthanes are an attractive class of organometallic reagents that can be accessed 
from inexpensive and non toxic bismuth salts. Arylbismuthanes are particularly interesting 
since they are air and moisture stable and since they show high functional group tolerance. 
We report herein our detailed study on the preparation of highly functionalized 
triarylbismuth reagents by functional group manipulation and their use in palladium and 
copper-catalyzed C-, N- , and 0-arylation reactions. 
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INTRODUCTION 
The preparation of complex organic molecules relies on our ability to form new 
bonds in a controlled fashion. In order to accomplish this task, access to efficient methods 
th at allow the construction of new bonds in the presence of functional groups is essential. In 
addition, to be applicable to the context of medicinal chemistry, these methods should 
ide ally be sufficiently simple and robust to be amenable to parallel chemistry, th us enabling 
the preparation of libraries of pharmaceutically relevant compounds.1 
"organometallic reagents have revolutionized the field of organic chemistry by 
facilitating the formation of challenging bonds. However, in sorne cases, these reagents 
suffer from severe limitations such as air and moisture sensitivity, pyrophoricity, low 
stability, and poor functional group compatibility. Recently, the disclosure of methods by 
Knochel for the preparation of functionalized organometallic reagents has contributed to 
solving sorne of the issues that are intrinsically linked to organometallic species. 
Organobismuthanes are a class of organometallic reagents that possess a carbon-
bismuth bond. These reagents can be prepared from inexpensive and non toxic bismuth 
salts. Arylbismuthanes are particularly attractive since they are air and moisture stable and 
since they can be puri fied by simple flash chromatography or by crystallization. Due to the 
weak strenght of the carbon-bismuth bond, organobismuth reagents are remarkably 
tolerant to numerous functional groups. The reactivity of organobismuth compounds is 
determined by the oxidation state of the bismuth center, with trivalent Bi(III) reagents 
acting as nucleophiles and pentavalent Bi(V) species behaving as electrophiles.2 In the 
1980's, Barton and Finet exploited this dual mode of reactivity to develop a series of metal-
catalyzed reactions based on organobismuthanes.3 More recently, the work of Condon and 
Rao4 on organobismuthanes contributed to expand the application of this class of reagents 
in organic synthesis. 
Our group has reported over the past years a portfolio of methods for the formation 
of C-c,s C-N,6 and C-07 bonds using functionalized trivalent organobismuth reagents 1. 
These methods allow the transfer of functionalized aryl groups on various scaffolds such as 
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arenes 2, heteroarenes 4, pyridines 6, pyrimidines 8, pyrazines 10, pyridazines 12, 
indazoles and pyrazoles 14, indoles and pyrroles 16, phenols 18, pyridones 20, and 1,2-
aminoalcohols 22, giving access to a range of medicinally relevant compounds (Scheme 1). 
These methodologies are simple to operate, require al most no optimization of the reaction 
conditions, and tolerate a wide array offunctional groups on both coupling partners. 
X.o-FG" 
FG'-cc9-FG' ---'-2---, 
blphenyls 
!(Y Hel 
FG' - v . 
X-Het 
4 
FG"_!:'·"'r"N ,.~,)l._ N. 
b,...FG' 15 
N-aryflnd3zoles 
N-arylpyrazoles 
FG'_!::·.<'-0 
· H1ghly func'JcnàhZcd ' '-'-. • N 
d? 0.-FG" organe ;smot~ reng nts 17 b FG' 
5 
aryf-heteroaryfs 
.Jl .. J · Air and moiStUf~ stablo : N-aryflndoles (/ ~_.... 
-FG' X N · Aryl ttansfe• agoniS · ~ N-aryfpyrroles -
FG' - 7 6 ~ (""') : FG' 0 0H ~ (""') 
2-arylpyrid lnes N~ FG'-~ VFG' ' .::..:..:.-'-"-'T--1-8 __ FG'...!~0;.J-FG' N~FG' X.J!__N_,)FG' ~ 6Bi ;:,.. , ~ Cu(OAc). 
FG' - N~ - ------1 - FG' l 
9 1 : 
2-aryfpyrimidines N .................. ......... · 
d
N '>) Xj)-FG' 
FG' - N:)-FG' .,._ __ 1o __ --l 
11 
2-arylpyrazines U 
N FG' ~ il X N 
FG'V ~-NFG' _ _ _,_,12,___ _ _, 
13 
3-arylpyridazincs 
NHPG 
R.-l_OH 
22 
19 
diphonylcthors 
A"---./. 0 
FG'X f ~Ne j - FG' 
21 ~ 
N-aryfpyrîdones 
NHPG 
R.-l_oÛ j - FG' 
23 ~ 
fl-arylcxyamines 
Scheme 1. Triarylbismuthanes in arylation reactions: access to highly functionalized and 
medicinally relevant compounds 
Triarylbismuth reagents 25 can be easily accessed via the addition of the 
corresponding Grignard reagents 24 onto bismuth chloride (Scheme 2). However, due to 
the reactive nature of organomagnesium reagents, functional groups possessing 
electrophilic centers or acidic functions cannat be introduced on the organobismuth species 
using this approach. Condon reported an elegant and powerful method to prepare 
functionalized organobismuth reagents by addition of organozinc reagents obtained from a 
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cobalt-zinc metal-halogen exchange reaction on aryl halides, White this method is quite 
general, we felt that alternative procedures were still desirable to provide more flexibility 
in the preparation of organobismuthanes 25. The strategy that we explored consists in 
introducing the incompatible functional group à postériori by performing functional group 
transformations directly on species 25. In the course of our studies, we found that the C-Bi 
bonds in organobismuthanes 25 are surprisingly resistant to a wide range of acidic, basic, 
reductive, and even oxidative conditions, th us enabling the transformation of the functional 
group FG in 25 into more elaborated functional groups FG' as shown in 1. We would like to 
report herein the preparation of highly functionalized triarylbismuth reagents using this 
approach and their üse in copper and palladium-catalyzed C-C, C-N, and C-0 bond 
formation reactions. 
()~' ~ BiCI3 FG - ;-FG FG~- Bi "" 
.0 MgX THF 6 
24 1-FG 
FG = alkyl, cycloalkyl, "'-
fluorine, acetal, nitrile, ester, 25 
ether, silyl ether 
.------.--------- -~ -------- ---- ------, 
; FG' •ncompabble W1!h Grignard reagent ; 
.._ - -------------------------------- -J 
functiona/ 
group 
tn:Jntpu/atron 
FG' =aldehyde, ketone. alkene, 
u,J}·unsaturated ester,atcohol, 
a.jl·unsa!urated ketone 
Scheme 2. Synthesis of highly functionalized organobismuthanes by functional group 
manipulation 
We began by synthesizing a set of organobismuthanes 25 bearing inert groups via 
the addition of organomagnesium reagents 24 to bismuth chloride (Figure 1). The Grignard 
reagents 24 were prepared from the corresponding aryl halides 26 through conventional 
methods involving metallic magnesium at reflux of ether or THF. Using this approach, 
eighteen different ortho, meta, and para substituted triaryl- and heteroarylbismuthanes 
were synthesized in moderate to excellentyield. 
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FG-0 ~-FG ~Bi~ 
6-FG 
25 
M 
OB)) lA VB'V lA J)BIQ lA C(j) lA 
25a (86%) 2Sb (87%) 25c (60%) 
25d (84%) 
~ F çrF Q FYF A lA ~Bi f F'OB',C( O BIO FYBIYF 
1 A 1 A F A F 1 A 1 A 
25e (87%) 2Sf (81%) 25g (80%) F F 
2Sh (74%) OMe OTHP 
çrCF3 
A Q çrOMe A Q 
F 3C'OBI'OCF3 0 810 MeO'OBIOOMe A A MaO A A OMe A A 0 810 THPO l A OTHP 
251 (95%) 
OEt ~ pet 
EtOo~OEt 
"")01"" 1 A 1 A EtO OEt 
25m (82%) 
25j (78%) 2Sk (86%) 251 (55%) 
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Figure 1. Preparation of functionalized organobismuthanes directly from 
organomagnesium reagents 
----------- -------------- ------ ------------------------------------
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For the introduction of more reactive groups su ch as nitriles, the standard procedure 
described in Figure 1 was slightly modified since the Grignard reagent could not be 
prepared by refluxing meta-cyanophenylbromide 27 with metallic magnesium. lnstead, the 
desired Grignard was generated from bromide 27 using Knochel's procedure. Addition of 
the organomagnesium reagent thus obtained over bismuth chloride followed by usual 
work-up afforded tris(3-cyanophenyl)bismuthane 25s, albeit in low yield (Eq. 1). 
1) i-PrMgCI•LiCI 
(1 .1 eQuiv) 
THF. -so·c NCVBr 1.0 ------
2) BiCI3 (0.3 eQUiv) 
27 -10'C tor.t. 
qCN 
NC~Bi '!(YCN 
v v 
(1) 
25s (20%) 
As a point of entry into the exploration of group manipulation on 
organobismuthanes, we synthesized triaryl bismuth reagent 25t where an ester is present 
at the para position or the aromatic group, from the corresponding Grignard reagent, itself 
prepared from para-bromo methylbenzoate 28 using Knochel's procedure (Scheme 3). 
Starting from 25t, the ester was transformed into the corresponding tertiary alcohol la by 
addition of methylmagnesium brornide and acid lb by saponification respectively. These 
two transformations dernonstrate that the carbon-bismuth bonds in arylbismuthanes are 
resistant to organometallic and basic aqueous conditions. 
1) i-PrMgCI•UCI QCOzMe 
(1 .1 equiv) 
P. Br THF, -SO'C D Bio MeC 2) BiCI3 (0.3 equiv) 1 1 0 28 -10'C lo r.L Me02C A 8 COpie 251 (60%) 
MeMgBr 
(6 equiv) 
THF, reflux 
1h 
Na OH 
H:P/THF 
r.t., 30min 
QH "" A 
Bi Y+ 
HO 1 ,; 
1a (84%) OH 
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Scheme 3. Preparation of tris(4-(1-hydroxy-1-methyl)ethylphenyl)bismuthane la and 
tris(4-carboxyphenyl)bismuthane lb by Grignard addition and saponification of triester 
25t 
Due to their high electrophilicity, aldehydes cannot be present on organomagnesium 
reagents. The preparation of organometallic reagents bearing aldehydes must therefore 
involve less electropositive metals such as lead, tin, boron, zinc or indium. However, the 
toxic nature of tin and lead greatly limits the use of the corresponding organometallic 
species in synthesis. Whîle many organoboronic acids bearing aldehyde groups are 
commercially available, their use in metal-catalyzed reaction often require extensive 
optimization of the conditions. Conversely, arylzinc reagents bearing aldehyde functions 
have proven to be very useful in palladium cross-coupling reactions, but their sensitivity to 
moisture and air make them not suitable for applications in parallel chemistry. Finally, 
while organoindium have generated great interest in the synthe tic community over the past 
decade, the cost of indium represents a non negligible issue to their application in the 
synthesis of medicinal chemistry compounds. In that context, organobismuthanes bearing 
aldehydes can fill an important need in organic synthesis. Starting from tris(2-
diethoxymethyl)phenylbismuthane 25m, we performed the hydrolysis of the acetal 
function to gene rate the tris-formyl derivative le in modest yield (Eq. 2). 
~OEI 910 
"o& œ' HCI1N oi:r " ~:o ~:v (2) 1 ..,;::; 1-"' H20ITHF (1 :3) 1..,;::; 1 -"' 
10 
r.l , o.n. H 
OEt 0 
25m (62%) 1c (31%) 
Using the same sequence, tris(3-formylphenyl)bismuthane ld was prepared from 
organobismuthane 25n (Scheme 4). These two examples show that organobismuthanes 
are inertto aqueous acidic conditions, demonstrating the robustness ofthese reagents. 
0 8 ç~:. """ 
E.IO~BIS?~ ----.-u . ~~ H20ITHF (1:3) 
25n r.t. , 2h 
EtO OEt Qa.~p of ld 
Scheme 4. Synthesis and X-ray structure of tris-(3-formylphenyl)bismuthane ld 
We th en utilized reagent ld as a point of diversification for the introduction of other 
functional groups (Scheme 5). For instance, the addition of methylmagnesium bromide on 
ld provided the corresponding tris(3-(1-hydroxyethyl)phenyl)bismuthane le in excellent 
yield. The reduction of the aldehyde on ld was also accomplished using sodium 
borohydride, affording tris(3-(hydroxymethyl)phenyl)bismuthane 1f in 93% yield. Next, 
olefination reactions using Horner-Emmons-Wadsworth a or Wittig 9 conditions were 
performed, leading to the corresponding cinnamyl and vin yi derivatives lg and lh. These 
examples show that organobismuthanes are resistant to organometall ic and reductive 
agents as weil as phosphorus ylides. 
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y 
vBiv 
1h (69%) 
~80H 
OH ~ OH 
Me~BidMe 
Ph3PCH:)i 
(3.0 equiv) 
1-BuOK 
(3.6 equiv) 
Et20 
-10'C lo r.t. , 2h 
1e (99%) 
1 
MeMgBr _(3.3 equiv) 
THF, -10 C to r.t. 
5min 
~0 
~ NaBH 4 
H~BI~H (3~e::iv) 
V 1d V O'Ctor.t. 30min 
j BrCH 2CO~t (5.5 equiv) PPh 3 (4.5 equiv) aq. NaHCOa 
r.t., o.n. 
Y CO:zEt 
E!02C~Bi~CO~t 
v v 
1g (80%) 
y oH 
HOVBIVOH 
1f (92%) 
Scheme 5. Synthesis of highly functionalized organobismuthanes le-h by derivatization of 
tris(3-formylphenyl)bismuthane ld 
We next focused our efforts on the introduction of a ketone on the organobismuth 
reagent and envisaged achieving achieving this by oxidizing the secondary alcohol in le 
(Eq. 3). However, since trivalent organobismuthanes can be oxidized into the ir pentavalent 
counterparts using oxidizing agents, it was not clear from the onset if the bismuth (III) 
center in le would tolerate oxidizing conditions. Pleasently, the tris-methyl ketone li was 
obtained in moderate yield using Dess-Martin periodinane 29 as the oxidizing agent. 
AcO OAc 
~~OAc 
0 
29 
(3.3 equiv) 
Pyrldine (6.6 equiv) 
CH2CI2 
-10'C to r.t. , 1h 
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Me 
~0 
0 y 0 
Me~BidMe (3) 
11 (59%) 
We then elected to synthesize organobismuthane lj by conducting a cross-
metathesis reaction between the tris-viny! species 1h and methyl vinyl ketone 30. After 
testing a few metathesis catalysts, we found that lj could be obtained in good yield and 
with exclusive E configuration using Grubbs-ll catalyst. (Eq. 4). 
y 
~Bi~ 
v v 
1h 
0 
Vl-Me 
30 
(3.3 equiv) 
31 
(0 .2 equiv) 
CH 2CI2, 0.005M. o.n. 
0 
~Me 
0 y 0 
Me~Bi~Me (4) 
1J (69%) 
Access to efficient niethods that le ad to the formation of sp2-sp2 bonds is particularly 
important in organic chemistry as 38% of the bioactive compounds prepared in the 
pharmaceutical industry contain a biaryl moiety. The discovery of palladium-catalyzed 
cross-coupling reactions has revolutionized the way chemists construct carbon-carbon 
bonds. In fa ct, according to a recent su rvey, 11.5% of the reactions conducted in the 
pharmaceutical industry during drug discovery phases consist of a palladium-catalyzed 
cross-coup ling reaction. In another study, this number was even higher and was estimated 
to be around 22% of ali reactions conducted by medicinal chemists. Therefore, it is no 
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surprise that the Suzuki reaction, which consists in the coupling of an organoboronic acid 
with an aryl halide, is the 8lh most utilized reaction in medicinal chemistry. 
The popularity of palladium-catalyzed cross-coupling reactions is intimately linked 
to the availability of organometallic reagents that show little toxicity and that can be easily 
prepared, stored, and handled. Although this is the case for organoboronic acids, other 
reagents often suffer from severa! limitations. For example, organotin reagents are toxic 
and are usually avoided in the pharmaceutical industry while organozinc reagents are 
highly pyrophoric and moisture sensitive and must therefore be manipulated under 
anhydrous and oxygen-free conditions. ln other cases su ch as organomagnesium reagents, 
low functional group compatibility is usually observed. 
With our functionalized organobismuthanes in hand, we next explored their 
reactivity in cross-coupling reactions using conditions that we previously reported for the 
coupling involving 2-haloazines and diazines. One important aspect of arylbismuth reagents 
is their abil ity to deliver three aryl groups per equivalent of organometallic reagent in 
cross-coup ling reactions. Therefore, we performed our optimization of reaction conditions 
using 0.4 equivalent of the organobismuthane. Among other important goals, we wanted to 
minimize the amount of catalyst, to use mild bases, and to use the lowest possible 
temperature and reaction time for this transformation. To investigate the functional group 
tolerance and to facilitate the substrate analysis by NMR-spectroscopy, we searched for 
conditions that would allow the cross-coupling between triarylbismuthane le and 4-
bromobenzaldehyde 32. Using our previously reported conditions, we obtained the desired 
cross-coupling product 33 in only 37% yield (Table 1, entry 1). The observed low yield 
shows that the coupling of highly functionalized organobismuthanes represents a 
substantial challenge and commands the fine-tuning of ali parameters in order to identify 
more efficient conditions for this transformation. Suspecting that the high temperature was 
potentially leading to decomposition of the reagent or the the product, we next performed 
the coupling reaction at so·c but obtained a similar yield of 33 (entry 2). Changing the 
catalyst for PdCh(PPh3)2 (entry 3), Pd(OAc)2/S-Phos (entry 4), Pd(OAc)2/PPh3 (entry 5) or 
PEPSI-iPr (entry 6) did not provide any improvement in the yield of the reaction. Organ 
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recently reported the beneficiai effect of lithium salts on cross-coupling reactions. Using 
this information, we found that a substantial amelioration in the yield of the reaction was 
obtained using 2.0 equivalents of lithium chloride as an additive (entry 7). Changing the 
solvent for THF (entry 8), toluene (entry 9) or a mixture of DMF and HMPA (entry 10) was 
detrimental for the reaction or at best inconsequential. The use of a stronger base such as 
potassium tert-butoxide led to a drastic drop in the yield of the reaction ( entry 11). In 
addition, while potassium carbonate provided similar yields as cesium carbonate (entry 
12), we found that potassium phosphate was much more efficient as a base in this 
transformation, providing the desired cross-coupling product 33 in 82% isolated yield 
(entry 13). Lowering the number of equivalents of lithium chloride (entry 14) or potassium 
phosphate (entry 15) led to an erosion in the yield of the reaction. Although water was 
somewhat tolerated, no improvement in the yield was observed using a 5:1 ratio of 
DMF:water (entry 16) . The optimized conditions identified from this study represent a 
considerable improvement over our previously reported protocol since the coupling can 
now be performed at lower temperature and in lesser time. 
Tabl~ 1. Optimization of reaction conditions for the palladium-catalyzed cross-coupling 
reaction of le with 4-bromobenzaldehyde 32 
Me ct OH catalyst (5 mol%) 
Br'Oy 
+ XoBi d H 
ligand (10 mol%) ~ addilive (x equiv) J.b H Me J "> l "> Me base (y equiv) HO H 32 0 .b 1e .,;; solvent, T, t 33 0 
(0.4 equiv) 
cntry catalyst ligand additive base sol vent T yield 
(x equiv) (y equiv) c·c) (h) (%)0 
1 Pd(PPh3)4 N.A. N.A. Cs 2C03 (2 equiv) DMF 130 18 37 
2 Pd(PPh,) • N.A. N.A. CszCO, (2 equiv) DMF 80 6 36 
3 PdClz(PPh3)z N.A. N.A. Cs2C03 (2 equiv) DMF 80 6 31 
4 Pd(OAc)z S·Phos N.A. CszC03 (2 equiv) DMF 80 6 7 
5 Pd(OAc)z PPh3 N.A. CszCOa (2 equiv) DMF 80 6 31 
6 PEPSHPr N.A. N.A. Cs 2C01 (2 equiv) DMF 80 6 23 
7 Pd(PPhl)< N.A. Li Cl (2 equiv) CszCO, (2 cquiv) DMF 80 6 64 
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8 Pd(PPh1)• N.A. LiCI (2 equiv) CszCO, (2 equiv) THF 80 6 13 
9 Pd(PPh3), N.A. LiCI (2 equiv) Cs 2C0 3 (2 equiv) Tolucnc 80 6 25 
10 Pd(PPh,), N.A. LiCI (2 equiv) CszCO, (2 equiv) DMF/HMPA 80 6 59 
11 Pd(PPh,) 4 N.A. Li Cl (2 equiv) t-BuOK (2 equiv) DMF 80 6 14 
12 Pd(PPh, ). N.A. LiCI (2 equiv) KzCO, (2 equiv) DMF 80 6 69 
13 Pd(PPhJ)• N.A. LiCI (2 equiv) K3PO• (2 equiv) DMF BO 6 82 
14 Pd(PPh,), N.A. LiCI (1 equiv) K, Po. (2 equiv) DMF 80 6 57 
15 Pd(PPh, ) 4 N.A. LiCI (2 equiv) K, Po, (1 e quiv) DMF 80 6 48 
16 Pd(PPh,). N.A. LiCI (2 equiv) K, Po, (2 equiv) DMF/HzO• 80 6 73 
• !solated yield of pure product. b DMF /HzO (5 :1 ratio) 
Having optimized the conditions for the cross-coupling reaction involving 
functionalized organobismuthanes, we next investigated the scope of the method using 
selected aryl halides 2, heteroarylhalides 4, 2-halopyridines 6, 2-halopyrimidines 8, 2-
halopyrazines 10, and 2-halopyridazines 12 (Table 2). The choice of the electrophiles was 
motivated by the presence of functional groups that would demon strate the applicability of 
our protocol in the preparation of highly functionalized compounds. Therefore, 4-(N-BOC-
aminoethyl)bromobenzene 2a, 4-iodo methyl benzoate 2b, 2-iodo-4-furaldehyde 4a, 2- and 
3-bromothiophene 4b and 4c, 6-chloropyridine-3-carboxaldehyde 6a, 2-chloro-4-
methylpyrimidine 8a, 2-chloro-6-dimethylaminopyrazine 8a, and 3-chloro-6-
phenylpyridazine 12a were engaged in cross-coupling reactions with organobismuthanes 
1a-j and 25a-t to afford the corresponding products in low to excellent yield. These 
example demonstrate that our method tolera te a wide diversity of functional groups on the 
electrophile (BOC-protected amines (3a), esters (3b), aldehydes (Sa), and dialkyamines 
(13a)) as well as on the organobismuthane (cinnamyl ester (3a), acetal (Sb,c) and aldehyde 
(7a)). Perhaps more fascinating is the ability of this method to deliver in workable yields 
aryl groups that possess functions that are susceptible to arylation, elimination, or 
oxidation such as an a.~-unsaturated ketone (3b), a secondary alcohol (Sa), a viny! group 
(9a) and a methylketone (13a). 
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Table 2. Palladium-catalyzed cross-coupling reaction of highly functionalized 
organobismuthanes la-j and 25a-t with arylhalides (2), heteroarylhalides ( 4), 
halopyridines (6), halopyrimidines (8), halopyrazines (10), and halopyridazines (12) 
X.c-FG" 
2 
D-FG" 
X N 
6 
entry 
1 
2 
3 
4 
5 
X- Het 
4 
8 
A-FG' 
X).lN .. N 
12 
electrophile 
2a 
0 
MeO~ llA, 
2b 
H_ fl 
r or--1 
0 
4a 
Q-Br 
4b 
Br 
d s 
4c 
FG· -O""· ~-FG' ' ,:; Bi  
6-FG' 
1a-j or 25a-t 
(0 .4 equiv) 
Pd(PPh3)4 
(Smol%) 
K~o. (2.0 equiv) 
LiCI (2.0 equiv) 
DMF, ao·c. 6h 
1g 
1j 
1e 
2Sn 
2Sn 
....,._.JC::j-FG" 
FG'U --;-
N 
ŒHet FG' - 5 
d ~FG' N.,J FG'- d?N FG' FG' -11 
product 
3a 
0 
MaO~"': • 0 
..-:: '-": ::,... M 
1 e 
..-:: 
3b 
H fï1.. J OH r a v 
Sa 
EtO 
~OEt 
Sb 
r OE! OEI ~ s 
Sc 
13 
yield (%)• 
91 
43 
84 
37 
28 
498 
0 
H~ 
N Cl 
6a 
id H~0 1 : o N l ~ H 
.-::-
36 6 
7a 
7 1h .. -C~ 21 
9a 
8 la 42 
10a 
11a 
Ph 
9 li 25 
13a 
• Iso lated yield of pure product. 
ln order to calibrate our method with respect to other classical cross-coupling 
reactions, we performed the coupling between 4-(N-BOC-aminoethyl)bromobenzene 2a 
and boronic acid 34 using conditions from the li terature10 and obtained the corresponding 
product 3a in 98% yield (Scheme 6). Interestingly, the reported procedure required 4.0 
equivalents of boronic acid at 12o·c overnight to achieve a good yield. By comparison, the 
same product was obtained using the 0.4 equivalent of the corresponding 
organobismuthane 1g at 80"C in 6 hours (Table 2, entry 1). 
We then prepared compound Sa from boronic acid 3S using conditions from the 
literature (Scheme 6).11 Again, long reaction times were needed to obtain a good yield of Sa 
from the boronic acid while our protocol involving organobismuthane 1e afforded the same 
compound in slightly higher yield in only 6 hours (Table 1, entry 3). 
HO ro,--..1 
0 
4a 
OH 0 
HO . B~OEt v 
34 (4 .0 equiv) 
Pd(PPh 3)4 (0.2 equiv) 
Na2C03 (2.0 equiv) 
Toi/H20 /MeOH (80:1 8:2), 120' C, o.n. 
OH OH 
HO . B~
v 
35 (1.2 equiv) 
Pd(PPh3) 4 (0.007 equiv) 
K2C03 (1 .5 equiv) 
Toi/H20/EtOH (45:45:10), 90' C, 19h 
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0 
OEt 
H 0 JoH rov 
5a (78%) 
Scheme 6. Preparation of derivatives 3a and Sa by Suzuki cross-coupling reactions 
between aryl and heteroaryl halictes 2a and 4a and boronic acids 34 and 35 
We recently reported a copper-catalyzed protocol for the N-arylation of azotes, 
diazoles and pyridones using organobismuthanes and demonstrated that a wide array of 
functional groups are tolerated in this transformation. To further expand on the functional 
group diversity of this method, we tested sorne of the highly functionalized 
organobismuthanes prepared in this work in the N-arylation reaction. As illustrated in 
Scheme 7, modera te to excellent yields of the desired N-arylated products were obtained 
using the previously reported conditions. These examples demonstrate that the method is 
extremely general and can be used to transfer aryl groups possessing a benzylic alcohol 
(39c), a methyl ketone (39d), a secondary alcohol ( 40a), a viny! group ( 40b) and an o.,~­
unsaturated ester (41a). 
--------------------------------------------------
500 
0 
FG'-0 0-FG' ~~~ 
H~ V-N'> 
v 
ù 1a-j or 25a-t /[il''§R ~FG' v 
u N 0 
~ 0 conditions• H 
36 
0 
H~ tl.)_ N'> 
39a[251] è>" 46%(A) 1 
79%(8) ~ 
OTHP 
38 
0 
H~ V-N'> 0 
39b [1c] ·w-H 
35%(8) u 
Mey() 
OÔy 
40a (11] OH 
95% (8) 
H~ tl.)_ N'> 
39c [1f) h_ ~ OH 
62% (A) "=/-' 
58%(8) 
40 41 
0 
H~ V-N'> 
39d[11] h M 
60%(8) ~ e 
0 
ù N 0 
40b [1h) 
59%(8) 
~CEt 
41a [1g) 0 
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Scheme 7. N-Arylation of indoles 36, pyrroles and pyrazoles 37, and pyridones 38 using 
highly functionalized organobismuthanes ta-j and 25a-t. The numbers in brackets indicate 
the organobismuthane used for the synthesis of each compound. a Conditions: Method A: 
Ar38i (1.0 equiv), Cu(OAc)z (0.1 equiv), pyridine (1.0 equiv), CHzClz .• Oz, SOOC; Method B: 
Ar3Bi (1.0 equv), Cu(OAc)z (1.0 equiv), pyridine (3.0 equiv), CHzClz, Oz, 50°C; Method C: 
Ar38i (1.0 equv), Cu(OAch (1.0 equiv), pyridine (3.0 equiv), CHzCh, air, SOOC. 
To evaluate the efficiency of our protocol, we next prepared compound 39c from 
organoboronic acid 42 using a method from the literature that involves 2.0 equivalents of 
copper acetate, 2.0 equivalent of triethylamine in dichloromethane in the presence of 
molecular sieves (Eq. 5).12 After 3 days at room temperature, on1y 24% of the desired 
product was obtained. By comparison, the same compound was prepared in 62% overnight 
using the corresponding organobismuthane 1f (Scheme 7). 
0 
H~ v N'> 
H 
36 
H0 , 8 Q OH 
1 
OH 
42 (1.5 equiv) 
Cu(OAch (2.0 equiv.) 
Et3N (2.0 equiv.) 
CH2CI2, MS 4Â, 
r.t, 3 days 
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0 
H~ V N') (5) 
~OH 
39c(24%) 
We next evaluated the applicability of sorne of the prepared organobismuthanes 
herein in the 0-arylation reaction of 3-hydroxymethylbenzoate using a protocol that we 
reported in 2013. As shown in Scheme 8, our method proved very general and allowed the 
transfer of aryl groups possessing a variety of groups such as an acetal in meta or even 
ortho position (44a,d), an a.,p-unsaturated ester (44b) and a viny! group (44c). We 
demonstrated previously that this method is comparable orto existing 0-arylation methods 
where 2.5 equivalents of organoboronic acids are utilized to achieve good yield of the 
desired diarylether. 
FG'-0 0-FG' ~Bi~ 
0 6 - FG' 
Meo~l ~ OH - ------,: 1a-j or 25a-t 
conditions• 
43 
OEI 
0 
MeO~Oc-FG 
44 
0 2 · doEt · ·~oEt ··v . l h EIO OEI 
44a(25n] 
44c (1g] 44d (1h] 
44b [25m] 53%(A) 44%(A) 61%(8) 
50%(A) 99%(8 ) 82%(8) 
Scheme 8. 0-Arylation of 3-hydroxy methyl benzoate 43 using highly functionalized 
organobismuthanes 1a-j and 25a-t. The numbers in brackets indicate the 
organobismuthane used for the synthesis of each compound. a Conditions: Method A: Ar3Bi 
(1.0 equiv), Cu(0Ac)2 (1.0 equiv), Et3N (3 equiv), CHzClz, so·c, ai r, 3h; Method 8: Ar3Bi (1.0 
equiv), Cu(0Ac)2 (0.3 equiv), Et3N (3 equiv), CHzClz, so·c, Oz, 16h. 
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Finally, we explored the orthogonal trans fer of aryl groups on substrates bearing at 
the same ti me an aryl halide function and either a phenol or an indole (Scheme 9). While 
this might appear as a trivial experiment, one must realize that the presence of an acidic 
group such as a phenol or an indole could lead to dehalogenation of the electrophile during 
the palladium cross-coupling reaction. Gratifyingly, the protocol developed in Table 1 
proved to be very efficient in the context of palladium cross-coupling reaction with 3-
iodophenol45 and 5-iodoindole 46, affording products 49 and 50 respectively in moderate 
yields. ln addition, the aryl transfer could be directed regjoselectively on the oxygen of 45 
or the nitrogen of 46 using copper acetate to afford 4 7 and 4 8, in good yield. 
H H çto :·-- -- ---· ··--·, çto 
0 ~Bid: ' V oH 0 0 HPvOH 'Vo d H lA H~Bi!C(H H 1 : H \ 0 lA 
47 (74%) 45 49 (51 %) . 
1d (1.0 equiv) 1d (0.4 equiv) 
or or or 
'm 
Cu(OAch (30 mol%) :'m Pd(PPh3)4 (5 mol%) 1 ~ Et~ (3.0 equiv) K3P04 (2.0 equiv) 
HPm 
::,.. N CH2CI2 : 1 ~ LICI (2.0 equiv) : ::,.. N 
(kH 
soc. 0 2, 6h H DMF. so·c, 6h 7 1 ~ 
4S 0 ::,.. ~ 
0 ·~~~ w- ~~~-~ -· ~- w 
4$ (68%) 50 (40%) 
Scheme 9. Orthogonal N- and 0-arylation vs C-arylation of 3-iodophenol 45 and 5-
iodoindole 46 using tris(3-formylphenyl)bismuthane l d 
CONCLUSION 
ln summary, we demonstrated that highly functionalized triarylbismuthanes can be 
prepared by functional group manipulation using acidic, basic, nucleophilic, or reducing 
conditions or using organometallic reagents. This approach gives access to unique 
organobismuthanes for which corresponding organoboronic acids are not avalaible. We 
then developed an improved protocol for the palladium-catalyzed cross-coupling reaction 
involving these highly functionalized reagents. The modified procedure, which was utilized 
to prepare highly substituted biaryl substrates, involves lithium chloride as an additive and 
potass ium phosphate as a base and requires shorter reaction times and temperatures. The 
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organobismuthanes prepared using the functional group manipulation approach were then 
used in the N-arylation of azoles and diazoles and in the 0-arylation of phenols and 
pyridones, affording highly functionalized products. The protocols reported herein were 
shown to be equivalent or superior to other exisiting methods using organoboronic acids. 
The C-, N-, and 0-arylation procedures developed in this work constitute an efficient and 
general portfolio of methods for the preparation ofmedicinally relevant scaffolds. 
EXPERIMENTAL SECTION 
Genereal Information. Unless otherwise indicated, ali reactions were run under 
argon in non-flame dried glassware. For reactions performed under oxygen, 99.6% extra 
dry oxygen was used. Unless otherwise stated, commercial reagents were used without 
further purification. Grignard reagents were prepared by conventional methods using 
metallic magnesium or via Knochel's procedure. 1 Triphenylbismuth and anhydrous bismuth 
chloride 99.999% were purchased from Strem Chemicals. Triarylbismuthanes were 
prepared according to procedures that we previously reported.2,3 Anhydrous solvents were 
obtained using a MBRAUN (mode! MB-SPS 800) encapsulated solvent purification system. 
The evolution of reactions was monitored by analytical thin-layer chromatography using 
silica gel 60 F254 precoated plates. Flash chromatography was performed employing 230-
400 mesh silica (Silicycle) using the indicated solvent system according to standard 
techniques.4 Melting points were taken on an Electrothermal Mel-TEMP and are 
uncorrected. Nuclear magnetic resonance spectra (1H, 13() were recorded on a Bruker 
Avance-III 300MHz spectrometer. Chemical shifts for 1H-NMR spectra are recorded in parts 
per million from tetramethylsilane with the solvent resonance as the internai standard 
(chloroform, ô 7.27 ppm). Data are reported as follows: chemical shift, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, qt = quintuplet, dd = doublet of doublet, m = 
multiplet), coupling constant] in Hz and integration. Chemical shifts for ne spectra are 
recorded in parts per million from tetramethylsilane using the central peak of 
deuterochloroform (ô 77.16 ppm) as the internai standard. IR spectra were recorded on a 
Thermo Scientific Nicol et 6 700 PT -IR from thin films and are reported in reciprocal 
centimeters (cm·t). HRMS were performed at Université du Québec à Montréal (nanoQAM 
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center) on Agilent Technologies, LC 1200 Series / 6210 TOF LCMS analyzer using the 
electrospray (ES!) mode. 
Synthesis of triarylbismuthanes. General procedure. ln a flask equipped with a 
magnetic stir bar and a condenser, bismuth chloride (500 mg, 1.6 mmol) was dissolved in 
anhydrous THF (23 mL) under argon and was cooled to -10°C (icejacetone bath). The 
organomagnesium reagent (5.23 mmol) was slowly added dropwise under argon. The 
reaction mixture was stirred at room temperature for one hour and heated at 65°C for 30 
minutes. Mter cooling to r.t., the solution was diluted with sat. aq. NaHC03 (100 mL) and 
extracted with EtOAc (2 x 100 mL). The combined organic phases were washed with sat aq. 
NaHC03 (2 x 100 mL), sat. aq. NaCl (2 x 100 mL), dried over NazSz04, filtered and 
concentrated under reduced pressure. The crude product was purified by column 
chromatography usingthe indicated solvent system to afford the desired triarylbismuthane. 
Tris( 4·{(tert-butyldimethylsilyl)oxy)phenyl)bismuthine (2Sp). The general 
procedure was followed on a 1.6 mmol scale starting from bismuth chloride and (4-((tert-
butyldimethylsilyl)oxy)phenyl)magnesium bromide. The crude material was purified on 
si! ica gel (5% EtOAc/hexanes) to afford tris( 4-((tert-
butyldimethylsilyl)oxy)phenyl)bismuthine 25p as a white solid (418 mg, 31%): Rr0.89 
(20% EtOAc/hexanes ); 1 H-NMR (300 MHz, CDCb) o 7.53 ( d,] = 8.3 Hz, 2H), 6.83 ( d,] = 8.3 
Hz, 2H), 0.97 (s, 9H), 0.18 (s, 6H); 13C-NMR (75 MHz, CDCh) o 155.4, 145.9, 138.8, 129.4, 
122.4, 120.2, 25.7, 18.2, -4.3; IR (neat) 2956, 2929, 2886, 2857, 1578, 1487, 1254, 1171, 
913; HRMS (EST) calcd for C36Hs7Bi03Si3: 830.3419, fou nd 869.3075 (M+K) +. 
4, 4', 4"-Bismuthinetriyltribenzoic acid {lb). A solution of aqueous NaOH (3 mL, 
lM) was added slowly to a solution of trimethyl4,4',4"-bismuthinetriyltribenzoate 25t (50 
mg, 0.08 mmol) in anhydrous THF (3 mL). After 30 min, the reaction mixture was quenched 
with HCI (3 mL, lM) and diluted with EtOAc (10 mL). The organic layer was washed with 
sat. aq. NaCI (3 x 10 mL), dried over NazS04, filtered and concentrated under reduced 
pressure. The crude material was purified on silica gel (15% EtOAc/hexanes) to afford 4, 4', 
4"-bismuthinetriyltribenzoic acid lb as a white solid (50 mg, quant.): Rr 0.45 (20% 
EtOAcfhexanes); 1 H-NMR (300 MHz, MeOD) o 8.02 (d,J= 8.1 Hz, 2H), 7.87 (d,J:;: 8.1 Hz, 
2H); IR (neat) 3471, 3086, 2963, 2924, 2680, 2565, 1686, 1584, 1453, 1421, 1324, 1290, 
924, 707; HRMS (ES!) calcd for Cz1H1sBi06: 572.0672, found 571.0615 (M-H)·. 
sos 
2, 2', 2"-Bismuthinetriyltribenzaldehyde (le). Bismuth chloride (1.7 g, 5.33 
mmol) was dissolved in anhydrous THF (60 mL) and was cooled to -10°C (ice-acetone 
bath) and 2-(benzaldehydediethylacetal)magnesium bromide (44 mL, 17.6 mmol) was 
slowly added dropwise under argon. The reaction mixture was stirred at room temperature 
(r.t) for one hour an·d heated at 65°C for 30 minutes. After cooling to r.t., the solution was 
diluted with sat. aq. NaHC03 (50 mL) and extracted with EtOAc (2 x 50 mL). The combined 
organic phases were washed with sat. aq. NaHC03 (2 x 50 mL), sat. aq. NaCl (2 x 50 mL) , 
dried over NazS04, filtered and concentrated under reduced pressure. The crude product 
was purified on silica gel (5% EtOAcjhexanes) to afford tris(2-
(diethoxymethyl)phenyl)bismuthine 25m as a white solid (3.3 g, 82%): Rr 0.81 (20% 
EtOAcjhexanes); 1H-NMR (300 MHz, CDCbJ o 7.70 (d.]= 6.5 Hz, 1H), 7.60 (d,1= 7.3 Hz, 1H), 
7.30 (td,1 = 7.2, 0.7 Hz, 1H), 7.13 (td, 1 = 7.3, 1.0 Hz; 1H), 5.53 (s, 1H), 3.55-3.34 (rn, 4HJ, 1.01 
(t,1 = 7.0 Hz, 6H); 13C-NMR (75 MHz, CDCb) o 162.5, 144.4, 140.5, 130.9, 127.4, 126.7, 104.2, 
61.3, 14.9; IR (neat) 3049, 2973, 2928, 2871, 1438, 1336, 1204, 1108, 1050, 757; HRMS 
(ES!) calcd for C33H4sBi06: 746.3020, found 769.2868 (M+Na)•. 
HzO (10 mL) and HCl 18N (0.75 mL) were added at room temperature to a stirred 
solution of 25m (1 g, 1.3 mmol) in THF (30 mL). The reaction mixture was stirred for 
overnight and then diluted with EtOAc (20 mL). The organic layer was washed with sat aq. 
NaHC03 (20 mL) and sat. aq. NaCl (3 x 20 mL), dried over NazS04, fùtered and concentrated 
un der reduced pressure. The crude material was purified on silica gel (5% EtOAcjhexanes) 
to afford tris(2-formylphenyl)bismuthine le as a yellow solid (213 mg, 31 %): R/0.46 (20% 
EtOAcjhexanesJ; lH-NMR (300 MHz, CDCb) o 10.23 (s, 1H), 8.01 (dd, 1 = 7.5, 1.4 Hz, 1H), 
7.60-7.54 (rn, 2H), 7.33 (td, 1 = 7.3, 1.4 Hz, 1H); 13C-NMR (75 MHz, CDCh) o 195.9, 142.2, 
140.7, 136.8, 136.3, 127.6, 125.5; IR (neat) 3042, 2977, 2806, 2724, 1690, 1671, 1571, 
1556,1197, 835, 759; HRMS (ES!) calcd for Cz1H1sBi03: 524.0825, found 525.0896 (M+H) •. 
Trimethanol(bismuthinetriyltris(benzene-3,1-diyl)) (lf). A solution of 3, 3', 3"-
bismuthinetriyltribenzaldehyde ld (400 mg, 0.8 mmol) in MeOH (10 mL), was cooled to -
10°C (acetonejice bath) and NaBH 4 (90 mg, 2.4 mmol) was added. After 30 minutes, the 
reaction mixture was diluted with EtOAc (15 mL). The organic layer was washed with sat. 
aq. NaHC03 (15 mL) and sat. aq. NaCl (3 x 15 mL), dried over NazS04, filtered and 
concentrated under reduced pressure. The crude material was purified on silica gel (40% 
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EtOAcjhexanes) to afford trimethanol(bismuthinetriyltris(benzene-3,1-diyl)) 1f as a white 
solid (392 mg, 92%): RJO.SO (10% MeOH/EtOAc); tH-NMR (300 MHz, MeOD) ô 7.77 (s, 1H), 
7.62 (d,j = 6.9 Hz, 1H), 7.37-7.28 (rn, 2H), 4.53 (s, 2H); t3C-NMR (75 MHz, MeOD) ô 156.7, 
144.3, 137.6,137.2, 131.4, 127.6, 65.3; IR (neat) 3314, 3038, 2923, 2869, 1563, 1412,1203, 
1012, 776; HRMS (ESI) calcd for Czt HztBi0 3: 530.1295, found 553.1177 (M+Na)•. 
Tris(3-vinylphenyl)bismuthine (th). To a solution of Ph3PCH3I (1 g, 2.46 mmol) in 
THF (4.5 mL) to -10°C, t-BuOK was added (2.9? mL, 2.95 mmol) and t he solution was 
stirred during 30 min. To the yellow solution, the 3,3',3"-bismuthinetriyltribenzaldehyde 
ld ( 430 mg, 0.82 mmol) was added and the reaction was heated to r.t.. After 2h, the 
reaction mixture was concentrated under reduced pressure. The crude material was 
purified on silica gel (5% EtOAcfhexanes) to afford tris(3-vinylphenyl)bismuthine lb as a 
yellow oil (291 mg. 69%) : RJ0.70 (20% EtOAcfhexanes); 1H-NMR (300 MHz, CDCh) 7.78 (s, 
1H), 7.58 (d, ] = 5.9 Hz, 1H), 7.33-7.29 (rn, 2H), 6.60 (dd, ] = 17.6, 10.9 Hz, 1H), 5.60 (d,] = 
17.6 Hz, 1H), 5.14 (d, J = 10.9 Hz, 1H); 13C-NMR (75 MHz, CDCb) ô 155.4, 139.4, 137.2, 
137.0, 135.5, 130.7, 125.8, 114.1; IR (neat) 3156, 3084, 3040, 3006, 2984, 29.27, 1939, 
1821,1629,1554,1467, 1380,991, 906,791,710. 
1, 1', 1"-(Bismuthinetriyltris(benzene-3,1-diyl))triethanone (li). A solution of 
1, 1', 1"-(bismuthinetriyltris(benzene-3,1-diyl))triethanol le (50 mg. 0.09 mmol) in CHzCh 
(3 mL) was cooled to - 10°C (acetonefice bath) and pyridine (46 J..lL, 0.59 mmol) was added. 
After 5 minutes, Dess-Martin Periodinane (123 mg. 0.28 mmol) was added. After 1h, the 
reaction mixture was diluted with EtOAc (15 mL). The organic layer was washed with sat. 
aq. NaHC03 (15 mL) and sat. aq. NaCI (3 x 15 mL), dried over NazS04, filtered and 
concentrated under reduced pressure. The crude material was purified on silica gel (20% 
EtOAcfhexanes) to affo rd 1, 1', 1"-(bismuthinetriyltris(benzene-3,1-diyl))triethanone li as 
a colorless oïl (30 mg, 59%): R/ 0.17 (20% EtOAcfhexanes); 1H-NMR (300 MHz, CDCb) ô 
8.3 7 (s, 1 H), 7.91 (t, ] = 7.1 Hz, 2H), 7.51 (t,] = 7.6 Hz, 1H), 2.52 (s, 3H); BC-NMR (75 MHz, 
CDCb) ô 198.4, 142.2, 138.8, 137.1, 131.1, 131.0, 128.3, 26.8; IR (neat) 3051, 3008, 2923, 
1678, 1578, 1559, 1356, 1255; HRMS (ESI) calcd for Cz4HztBi03: 566.1295, found 567.1400 
(M+H)•. 
(3E,3'E,3"E)-4, 4', 4"-(Bismuthinetriyltris(benzene-3,1-diyl))tris(but-3-en-2-
one) (lj). To a solution of tris(3-vinylphenyl)bismuthine lb (50 mg, 0.097 mmol) in CHzClz 
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(20 mL), Grubbs JI catalyst 31 (16 mg. 0.019 mmol) and but-3-en-2-one 30 ( 43 mg, 0.32 
mmol) were added. The solution was heated to 40°C and after 2h, the reaction mixture was 
concentrated under reduced pressure. The crude material was purified on silica gel (10% 
EtOAcjhexanes) to afford (3E,3'E,3"E)-4, 4', 4"-(bismuthinetriyltris(benzene-3,1-
diyl))tris(but-3-en-2-one) 1j as a colorless oil ( 43 mg, 69%): Rr0.63 (20% EtOAcjhexanes); 
lH-NMR (300 MHz, CDCb) ô 7.91 (s, 1H), 7.75 (d, j = 7.1 Hz, 1H), 7.54 (d, j = 7.7 Hz, 1H), 
7.48-7.42 (rn, 2H), 6.62 (d,j = 16.3 Hz, 1H), 2.34 (s, 3H). 
4. General procedures for the arylation reactions. Compounds 3, 5, 7, 9, 11 and 
13 were prepared according to the following procedure: In a sealed tube, the starting 
bromide, chloride or iodide (1.0 equiv.) was dissolved in N,N-dimethylformamide (4.0 mL). 
Potassium phosphate (2.0 equiv.) was added, followed by 
tetrakis(triphenylphosphine)palladium (0.05 equiv.), lithium chloride (2.0 equiv.) and 
triarylbismuth reagent (0.4 equiv.). Argon was bubbled in the reaction mixture for 1 
minute. The tube was sealed and heated at 80°C for 6h. The reaction mixture was cooled to 
r.t., diluted with sat. aq. NaHC03 (20 mL) and extracted with EtOAc (2 x 20 mL). The 
combined organic phases were washed with sat aq. NaHC03 (2 x 20 mL), sat. aq. NaCl (2 x 
20 mL), dried over NazS04, filtered and concentrated under reduced pressure. The crude 
product was purified by flash column chromatography on silica gel using hexanesjethyl 
acetate as the eluent to afford the corresponding product. 
3 '-(1-Hydroxyethyl)-[1,1' -biphenyl] -4-carbaldehyde (33). The general 
procedure was followed on a 0.27 mmol scale starting from 4-bromobenzaldehyde 32. The 
crude material was purified on silica gel (25% EtOAcjhexanes) to afford 33 as a yellow oil 
(44 mg, 72%): Rr 0.22 (20% EtOAcjhexanes); lH-NMR (300 MHz, CDCb) ô 10.03 (s, 1H), 
7.93 (d, j = 8.3 Hz, 2H), 7.74 (d, 1 = 8.3 Hz, 2H), 7.65 (s, 1H), 7.53 (dt, 1 = 7.0, 1.8 Hz, 1H), 
7.48-7.40 (rn, 2H), 4.98 (q, j = 12.9 Hz, 1H), 2.18 (s(br), 1H), 1.54 (d, j = 6.5 Hz, 3H); nc-
NMR (75 MHz, CDCb) ô 192.1, 147.2, 146.8, 139.9, 135.3, 130.3, 129.2, 127.8, 126.5, 125.6, 
124.5, 70.3, 25.4; IR (neat) 3422, 3059, 3032, 2971, 2923, 2836, 2731, 1689, 1603, 1170, 
1077, 794; HRMS (ESI) calcd for CtsH1402: 226.0994, found 227.1068 (M+H)•. 
(E)-Ethyi 3-(4'-(2-((tert-butoxycarbonyl)amino)ethyl)-[1,1'-biphenyl]-3· 
yl)acrylate (3a). The general procedure was followed on a 0.17 mmol scale starting from 
tert-butyl 4-bromophenethylcarbamate 2a. The crude material was purified on silica gel 
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(15% EtOAcjhexanes) to afford 3a as a colorless oil (60 mg, 89%): RJ 0.52 (20% 
EtOAcjhexanes); tH-NMR (300 MHz, CDCh) ô 7.77-7.72 (m, 2H), 7.60-7.47 (m, 3H), 7.42-
7.39 (m, 2H), 7.05 (d, 1 = 8.3 Hz, 2H), 6.51 (d, 1 = 16.0 Hz, 1H), 4.57 (s(br), 1H), 4.27 (q, j = 
14.3 Hz, 2H), 3.33 (q,J = 12.9 Hz, 2H), 2.74 (t,J = 7.0 Hz, 2H), 1.42 (s, 9H), 1.35 (t,1 = 7.1 Hz, 
3H); 13C-NMR (75 MHz, CDCh) ô 166.9, 155.9, 144.3, 141.2, 138.0, 135.2, 131.7, 130.6, 
129.5, 128.9, 127.3, 126.8, 120.3, 118.9, 79.4, 60.6, 41.6, 35.7, 28.4, 14.4; IR (neat) 3437, 
33.63, 2977, 2931, 1703, 1637, 1508, 1488, 1365, 1163, 1036, 789. 
(E)-Ethyl 3' -(3-oxobut-1-en-1-yl)-[1,1' -biphenyi)-4-carboxylate (3b ). The 
general procedure was followed on a 0.19 mmot scale starting from ethyl 4-iodobenzoate 
2b. The crude material was purified on silica gel (15% EtOAcjhexanes) to afford 3b as a 
yellow solid (23 mg, 43%): Rr0.35 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCh) 8 8.11 
(d,j = 8.5 Hz, 2H), 7.77 (s, 1H), 7.67-7.62 (m, 3H), 7.60-7.55 (rn, 2H), 7.52-7.47 (rn, 1H), 6.78 
(d, 1 = 16.3 Hz, lH), 3.94 (s, 3H), 2.40 (s, 3H); 13C-NMR (75 MHz, CDCb) ô 198.3, 166.9, 
144.8, 142.9, 140.9, 135.2, 130.3, 129.6, 129.4, 129.3, 127.8, 127.7, 127.2, 127.1, 52.2, 27.7; 
IR (neat) 3031, 2993, 2943, 2850, 1720, 1669, 1435, 1282, 1191, 1112, 767; HRMS (ESI) 
calcd for CtaHt6Ü3: 280.1099, found 281.1173 (M+H)+. 
5-(3-(1-Hydroxyethyl)phenyl)furan-2-carbaldehyde (Sa). The general 
procedure was followed on a 0.23 mmol scate starting from 5-iodofuran-2-carbatdehyde 4a. 
The crude material was purified on silica gel (30% EtOAcjhexanes) to afford Sa as a yellow 
oit (41 mg, 83%) : Rr0.16 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) 8 9.61 (s, 1H), 
7.82 (s, 1H), 7.71-7.68 (rn, 1H), 7.43-7.39 (rn, 2H), 7.30 (d,j = 3.7 Hz, 1H), 6.83 (d,j = 3.7 Hz, 
1H), 4.94 (q,] = 12.9 Hz, 1H), 2.34 (s(br), 1H), 1.51 (d,] = 6.5 Hz, 3H); 13C-NMR (75MHz, 
CDCh) 8 177.4, 159.5, 151.9, 146.9, 129.2, 129.1, 126.9, 124.4, 123.8, 122.3, 107.9, 70.0, 
25.4; IR (neat) 3416, 3103, 2972, 2916, 2871, 2821, 1663, 1516, 1265, 1071, 1028, 792; 
HRMS (EST) catcd for C13H1203: 216.0786, found 217.0867 (M+H)+. 
2-(3-(Diethoxymethyl)phenyl)thiophene (Sb). The general procedure was 
followed on a 0.30 mmol scate starting from 2-bromothiophene 4b. The crude material was 
purified on silica gel (15% EtOAcjhexanes) to afford Sb as a colorless oit (29 mg, 37%): Rr 
0.66 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCh) 8 7.74 (s, 1H), 7.57 (dt, ]= 6.8, 1.9 
Hz, 1H), 7.42-7.37 (m, 2H), 7.34 (dd,j= 3.4, 0.9 Hz, 1H), 7.29-7.26 (rn, 1H), 7.08 (q,J = 5.1 
Hz, 1H), 5.54 (s,1H), 3.71-3.52 (rn, 4H), 1.27 (t,J = 7.1 Hz, 6H); 13C-NMR (75 MHz, CDCb) ô 
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192.1, 142.7, 136.9, 135.4, 131.6, 129.6, 129.0, 128.7, 128.3, 127.2, 126.6, 125.8, 124.1; IR 
(neat) 3114, 3068,2924, 2825, 2719, 1599, 1582, 1269, 1162, 791, 700. 
3-(3-(Diethoxymethyl)phenyl)tbiophene (Sc). The general procedure was 
followed on a 0.30 mmol scale starting from 3-bromothiophene 4c. The cru de material was 
purified on silica gel (5% EtOAcjhexanes) to afford Sc as a colorless oil (22 mg, 28%): Rt 
0.79 (20% EtOAcjhexanes); lH-NMR (300 MHz, CDCh) ô 7.72 (s, 1H), 7.58-7.54 (rn, 1H), 
7.49-7.48 (rn, 1H), 7.43-7.34 (rn, 4H), 5.55 (s, 1H), 3.71-3.52 (rn, 4H), 1.29-1.22 (rn, 6H); 13C-
NMR (75 MHz, CDCh) ô 142.3, 139.8, 135.8, 128.7, 126.5, 126.2, 125.6, 124.7, 120.5, 119.8, 
101.6, 61.2, 15.3; IR (neat) 3102,2973,2927, 2879, 1701, 1612, 1442, 1333,1176, 1051, 
772; HRMS (ESI) calcd for C13H120S: 216.0609, found 217.0688 (M+H) +. 
6-(3-Formylphenyl)nicotinaldehyde (7a). The general procedure was followed on 
a 0.35 mmol scale starting from 6-chloronicotinaldehyde 6a. The crude material was 
purified on silica gel (15% EtOAcjhexanes) to afford 7a as a white solid (27 mg, 37%): Rt 
0.29 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCb) ô 10.15 (s, 1H), 10.12 (s, 1H), 9.15 
(d, j = 1.4 Hz, 1H), 8.58 (s, 1H), 8.37 (dt, j = 7.8, 1.2 Hz, 1H), 8.26 (dd, j = 8.2, 2.1 Hz, 1H), 
8.00-7.96 (rn, 2H), 7.68 (t, j = 7.7 Hz, 1H); 13C-NMR (75 MHz, CDCb) ô 191.9, 190.3, 160.6, 
152.4, 138.9, 137.1, 136.9, 133.3, 131.2, 130.4, 129.8, 128.8, 120.8; IR (neat) 3053, 2852, 
2745, 1689, 1587, 1359, 1212, 1183, 1166, 835, 795, 740; HRMS (ESI) calcd for C13H9N02: 
211.0633, found 212.0708 (M+H)+. 
S-Metbyl-2-(3-vinylphenyl)pyrimidine (9a). The general procedure was followed 
on a 0.34 mmol scale starting from 2-chloro-5-methylpyrimidine Ba. The crude material 
was puri fied on silica gel (1 0% EtOAcjhexanes) to afford 9a as a yellow oil (14 mg, 21 %) : Rt 
0.60 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCb) ô 8.65 (d,J = 5.1 Hz, 1H), 8.48 (t, j= 
1.9 Hz, 1H),8.34 (dt,]= 7.7, 1.5 Hz,lH), 7.54 (dt,]= 7.7, 1.6 Hz, 1H), 7.45 (t,J= 7.7 Hz, lH), 
7.05 (d,J = 5.0 Hz, 1H), 6.82 (dd,j = 17.6, 10.9 Hz, 1H), 5.87 (dd,j = 17.4, 0.9 Hz, 1H), 5.30 
(dd,J = 10.8, 0.9 Hz, 1H), 2.60 (s, 3H); 13C-NMR (75 MHz, CDCh) ô 167.3, 164.2, 156.2, 138.1, 
137.9, 136.7, 128.8, 128.2, 127.6, 126.2, 118.7, 114.3, 24.5; IR (neat) 3061, 3038, 2954, 
2928, 1692, 1572, 1555, 1431, 1384, 912, 789; HRMS (ESI) calcd for C13 H1 2Nz: 196.1000, 
found 197.1080 (M+H)+. 
2-( 4-( 6-(Dimetbylamino )pyrazin-2-yl)pbenyl)propan-2-ol (11a). The general 
procedure was followed on a 0.32 mmol scale starting from 6-chloro-N,N-dimethylpyrazin-
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2-amine 10a. The crude material was purified on silica gel (40% EtOAcjhexanes) to afford 
Ua as a yellow solid (34 mg, 41%): Rf 0.08 (20% EtOAcjhexanes); 1H-NMR (300 MHz, 
CDCh) ô 8.21 (s, 1H), 7.96 (d,]= 8.4 Hz, 2H), 7.91 (s, lH), 7.57 (d,J= 8.4 Hz, 2H), 3.17 (s, 
6H), 2.37 (s(br), 1H), 1.61 (s, 6H); 13C-NMR (75 MHz, CDCh) ô 154.3, 150.4, 149.1, 135.9, 
128.3, 127.8, 126.7, 124.9, 72.5, 37.5, 31.8; IR (neat) 3371, 3059, 2971, 2923, 2869, 1583, 
1566, 1527, 1425, 1402, 1186, 1151, 996, 831; HRMS (ESI) calcd for CtsH19N30: 257.1528, 
found 258.1603 (M+H)+. 
1-(3-(6-Phenylpyridazin-3-yl)phenyl)ethanone (13a). The general procedure 
was followed on a 0.26 mmol scale starting from 3-chloro-6-phenylpyridazine 12a. The 
crude material was purified on silica gel (20% EtOAcjhexanes) to afford 13a as a yellow 
solid (18 mg, 25%): Rr 0.25 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCIJ) ô 8.75 (t, 1 = 
1.9 Hz, 1H), 8.39 (dt,]= 7.9, 1.4 Hz, 1H), 8.16 (dd,1 = 8.1, 2.1 Hz, 2H), 8.09 (dt, 1 = 7.8, 1.4 Hz, 
1H), 7.99 (q,1= 7.1 Hz, 2H), 7.65 (t,1= 7.8 Hz, 1H), 7.59-7.51 (rn, 3H), 2.71 (s, 3H); t3C-NMR 
(75 MHz, CDCIJ) ô 197.9, 158.0, 156.7, 137.8, 136.6, 135.8, 131.3, 130.3, 129.7, 129.4, 129.1, 
126.9, 126.8, 124.4, 124.3, 26.9; IR (neat) 3061, 3000, 2932, 1683, 1601, 1585, 1432, 1398, 
1358,1236, 689; HRMS (ESI) calcd for CtaHHNzO: 274.1106, found 275.1191 (M+H) +. 
Compounds 39-41 were prepared according to the following procedure: Method A: 
In a sealed tube, the triarylbismuthine (1.0 equiv.) was added, followed by copper (II) 
acetate (0.1 equiv.) and the azole or diazole (1.0 equiv.). The reagents were dissolved in 
anhydrous dichloromethane ( 4 mL) and pyridine (1.0 equiv.) was added to the mixture. The 
reaction tube was purged with dry oxygen for 30 seconds, sealed and heated at 50°C 
overnight The reaction mixture was cooled to r.t, transferred and rinsed with EtOAc in a 
round bottom flask. Silica gel was added and the mixture was concentrated under reduced 
pressure. The crude product was purified by flash column chromatography on silica gel 
using EtOAcjhexanes as the eluent to give the corresponding product Method B: Idem as 
method A except for copper (li) acetate (1.0 equiv. instead of 0.1 equiv.) and pyridine (3.0 
equiv. instead of 1.0 equiv.). 
1-( 4-((Tetrahydro-2H-pyran-2-yl)oxy)phenyl)-1H-indole-5-carbaldehyde 
(39a). Method 8 was followed on a 0.17 mmol scale starting from lH-indole-5-
carbaldehyde 36. The crude product was purified on silica gel. (15% EtOAcjbexanes) to 
afford 39a as a yellow solid (43 mg, 79%) : RJ 0.52 (20% EtOAcjhexanes); 1H-NMR (300 
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MHz, CDCb) 6 10.04 (s, 1H), 8.19 (s, 1H), 7.75 (d,J = 8.0 Hz, 1H), 7.51 (d,j = 8.6 Hz, 1H), 7.37 
(d,J = 8.7 Hz, 2H), 7.21 (d,J = 8.8 Hz, 2H), 6.79 (d,J = 3.0 Hz, 1H), 5.49 (s, 1H), 3.98-3.91 (rn, 
1H), 3.65 (d,J = 11.4 Hz, 1H), 2.07-1.99 (rn, 1H), 1.92-1.90 (rn, 2H), 1.76-1.58 (rn, 4H); 13(. 
NMR (75 MHz, CDCh) 6 192.4, 156.4, 139.6, 132.6, 130.4, 139.9, 128.8, 126.4, 126.1, 122.5, 
117.5, 111.1, 104.8, 96.7, 62.2, 30.4, 25.2, 18.7; IR (neat) 3101, 3039, 2943, 2873, 2850, 
2715, 1683, 1615, 1509, 1330, 1237, 1201, 1102,921, 731; HRMS (ES!) calcd for C2oH19N03: 
321.1365, found 322.1430 (M+H)+. 
1·(Z·Formylphenyi)·1H·indole-5-carbaldehyde (39b). Method B was followed on 
a 0.17 mmol scale starting from lH-indole-5-carbaldehyde 36. The crude product was 
purified on silica gel (20% EtOAcjhexanes) to afford 39b as a yellow oil (15 mg, 35%): Rr 
0.44 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCb) 610.07 (s, 1H), 9.63 (s, lH), 8.25 (d, 
] = 1.0 Hz, 1H), 8.12 (dd,] = 7.8, 1.5 Hz, 1H), 7.83-7.76 (rn, 2H), 7.65 (t,] = 7.5 Hz, 1H), 7.51 
(dd,] = 7.9, 0.8 Hz, lH), 7.39 (d,] = 3.3 Hz, 1H), 7.23 (s, 1H), 6.91 (dd,] = 3.3, 0.6 Hz, 1H); 
13C-NMR (75 MHz, CDCb) ô 192.2, 188.9, 141.4, 140.9, 135.3, 132.2, 131.8, 131.6, 130.6, 
129.2, 128.6, 128.3, 126.3, 123.5, 110.8, 105.9; IR (neat) 3106, 3065, 2977, 2920, 2867, 
2745, 1687, 1597, 1490, 1331, 1195; HRMS (ES!) calcd for Ct6HuN02: 249.0790, found 
250.0873 (M+H)+. 
1·(3·(Hydroxymethyl)phenyi)-1H-indole-5-carbaldebyde (39c). Method A was 
followed on a 0.22 mmol scale starting from lH-indole-5-carbaldehyde 36. The crude 
product was purified on silica gel (30% EtOAcjhexanes) to afford 39c as a yellow oil (34 
mg,62%): Rr0.15 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCh) ô 10.03 (s, 1H),8.19 (d, 
] = 1.1 Hz, 1H), 7.75 (dd,] = 8.7, 1.5 Hz, 1H), 7.57 (d,J = 8.8 Hz, 1H), 7.53-7.51 (rn, 2H), 7.42-
7.40 (rn, 3H), 6.81 (d,J = 3.3 Hz, 1H), 4.82 (s, 2H), 2.22 (s(br), 1H); 13C-NMR (75 MHz, CDCh) 
ô 192.4, 143.1, 139.2, 130.1, 130.0, 129.9, 129.1, 126.4, 125.7, 123.7, 122.9, 122.8, 111.2, 
105.4, 105.3, 64.7; IR (neat) 3411, 3105, 3055, 2920,2858, 2815, 2727, 1682, 1589, 1493, 
1449, 1331, 1223, 1103, 1032, 726, 698; HRMS (ES!) calcd for C16H13N02: 251.0946, found 
252.1012 (M+H)+. 
1·(3-Acetylphenyl)·lH·indole-5-carbaldehyde (39d). Method B was followed on 
a 0.17 mmol scale starting from lH-indole-5-carbaldehyde 36. The crude product was 
purified on silica gel (30% EtOAcjhexanes) to afford 39d as a yellow oil (27 mg, 60%): Rr 
0.34 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCh) ô 10.05 (s, 1H), 8.18 (d,] = 16.5 Hz, 
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1H), 8.08 (s, 1H), 7.99 (d,J= 7.3 Hz, 1H), 7.81-7.64 (m, 3H), 7.56 (d,J = 8.6 Hz, 1H), 7.49-
7.44 (m, 1H), 6.86 (d, J = 3.3 Hz, 1H), 2.67 (s, 3H); 13C-NMR (75 MHz, CDCb) ô 197.2, 192.4, 
139.4, 139.1, 138.7, 130.3, 129.8, 129.2, 128.9, 127.3, 126.5, 124.1, 123.1, 111.8, 110.9, 
105.9, 26.9; IR (neat) 3103, 3057, 2924, 2825, 2741, 1682, 1599, 1586, 1491, 1445, 1330, 
1236, 1105, 769; HRMS (ESI) calcd for C11H13Nûz: 263 .0946, found 264.1012 (M+H)•. 
1-(1-(3-(1-Hydroxyethyl)phenyl)-1H-pyrrol-2-yl)ethanone (40a). Method B was 
followed on a 0.46 mmol scale starting from 1-(lH-pyrrol-2-yl)ethanone 37. The crude 
product was purified on silica gel (35% EtOAcfhexanes) to afford 40a as a yellow oil (100 
mg, 95%): RJ0.19 (20% EtOAcfhexanes); 1H-NMR (300 MHz, CDCb) ô 7.34-7.31 (m, 2H), 
7.27-7.26 (m, 1H), 7.12-7.08 (m, 2H), 6.94 (t,] = 2.2 Hz, 1H), 6.28 (q,] = 4.1 Hz, 1H), 4.84 (q, 
] = 12.9 Hz, 1H), 3.50 (s(br), 1H), 2.37 (s, 3H), 1.45 (d,] = 6.5 Hz, 3H); 13C-NMR (75 MHz, 
CDCb) ô 187.5, 147.1, 140.9, 131.5, 131.4, 128.6, 124.9, 124.7, 123.4, 120.9, 109.3, 69.6, 
27.2, 25.1; IR (neat) 3409,3114, 3057,2973,2920, 2867,2243, 1644,1405, 1084,940, 793, 
738; HRMS (ESI) calcd for C14HtsNOz: 229.1103, found 481.2106 (2M+Na)+. 
3-Methyl-1-(3-vinylphenyi)-1H-pyrazole (40b). Method B was followed on a 0.37 
mmol scale starting from 3-methyl-lH-pyrazole 37. The crude product was purified on 
silica gel (20% EtOAc/hexanes) to afford 40b as a yellow oil ( 40 mg. 59%): Rf 0.53 (20% 
EtOAcfhexanes); lH-NMR (300 MHz, CDCb) ô 7.81 (d,J = 2.4 Hz, 1H), 7.71 (t,j = 2.0 Hz,1H), 
7.50 (dq,] = 7.9, 1.3 Hz, 1H), 7.37 (t,] = 7.7 Hz, 1H), 7.29 (dt,]= 7.5, 1.5 Hz, 1H), 6.75 (dd,J = 
17.6, 10.8 Hz, 1H), 6.25 (d, J = 2.4 Hz, 1H), 5.83 (dd,j = 17.6, 0.75 Hz, 1H), 5.32 (d,J = 11.3 
Hz, 1H), 2.39 (s, 3H); l3C-NMR (75 MHz, CDCh) ô 150.6, 139.0, 136.2, 129.5, 127.5, 123.8, 
121.4, 118.1,116.8,115.1,107.6, 13.8; IR(neat) 3141,3118,3065,2926,2863,1695,1606, 
1585, 1533, 1489, 1454, 1362, 1047, 755; HRMS (ES!) calcd for C12H12Nz: 184.1000, found 
185.1078 (M+H)•. 
(E)-Ethyl3-(3-(3-cyano-2-oxopyridin-1(2H)-yl)phenyl)acrylate (41a). Method B 
was followed on a 0.093 mmol scale starting from 2-oxo-1,2-dihydropyridine-3-carbonitrile 
38. The crude product was purified on silica gel (50% EtOAcfhexanes) to afford 41a as a 
white solid (18 mg, 66%): Rr0.07 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) ô 7.91 
(dd,J= 7.1, 2.1 Hz, 1H). 7.71-7.69 (m,1H), 7.63-7.59 (m, 2H), 7.53-7.51 (m, 2H), 7.38 (dt,] = 
7.7, 1.6 Hz, 1H), 6.45 (d, ] = 16.0 Hz, 1H), 6.38 (t,j = 6.9 Hz, 1H), 4.25 (q,] = 14.2 Hz, 2H), 
1.33 (t, ] = 7.1 Hz, 3H); 13C-NMR (75 MHz, CDCh) ô 166.4, 159.2, 147.9, 142.8, 142.5, 140.0, 
513 
136.3, 130.2, 128.9, 127.6, 125.5, 120.4, 115.2, 106.9, 105.7, 60.8, 14.3; IR (neat) 3080; 
2977, 2924, 2905, 2228, 1707, 1662, 1542, 1269, 1181; HRMS (ES!) calcd for C11Ht4Nz03: 
294.1004, found 295.1099 (M+H)+. 
Compounds 44 were prepared according to the following procedure: Method A: ln a 
sealed tube, the phenol (1.0 equiv.) was dissolved in non-anhydrous solvent grade 
dichloromethane (3 mL). The organobismuthane (1.0 equiv.) was added followed by copper 
(II) acetate (1.0 equiv.) and Et3N (3.0 equiv.). The tube was sealed and heated at 50°C 
during 3h. The reaction mixture was cooled to r.t. and silica gel was added. The mixture 
was concentrated under reduced pressure and the crude product was purified by flash 
column chromatography using the indicated solvent system. The pure fractions were 
concentrated under reduced pressure to afford the desired pure product. Method B: Idem 
as method A except for Cu(OAc)z (0.3 equiv.) un der Ozduring 16h. 
Methyl 3-(3-(diethoxymethyl)phenoxy)benzoate (44a). Method B was followed 
on a 0.16 mmol scale starting from methyl 3-hydroxybenzoate 43. The crude material was 
purified on silica gel (15% EtOAcjhexanes) to afford 44a as a colorless oil (32 mg, 61%): Rt 
0.62 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCb) 6 7.79 (dt,]= 7.7, 1.3 Hz, 1H), 7.67 
(t,j = 2.5 Hz, 1H), 7.45-7.34 (rn, 2H), 7.30-7.21 (rn, 2H), 7.18 (t,J= 2.1 Hz, 1H), 6.96 (dq,]= 
7.9, 1.2 Hz, 1H), 5.50 (s,1H), 3.91 (s, 3H), 3.69-3.50 (rn, 4H), 1.25 (t,j = 7.0 Hz, 6H); 13C-NMR 
(75 MHz, CDCh) 6166.5, 157.4, 156.7, 141.5, 131.9, 129.8,129.7, 124.3, 123.3, 122.1, 119.5, 
118.9, 117.5, 100.9, 61.1, 52.3, 15.5; IR (neat) 3076, 2975, 2929,2882,1772, 1725, 1584, 
1484, 1441, 1274, 1208, 1097, 1053, 756; HRMS (ES!) calcd for C19H2zOs: 330.1467, found 
353.1369 (M+Na)+. 
{E)-Methyl 3-(3-(3-ethoxy-3-oxoprop-1-en-1-yl)phenoxy)benzoate ( 44b ). 
Method B was folJowed on a 0.16 mmol scale starting from methyl 3-hydroxybenzoate 43. 
The crude material was purified on silica gel (15% EtOAcjhexanes) to afford 44b as a 
yellow oil (51 mg, 98%) : Rr 0.61 (20% EtOAcjhexanes); 1H-NMR (300 MHz, CDCb) ù 7.83 
(d,J= 7.7 Hz, lH), 7.69-7.67 (m,lH), 7.62 (s, 1H), 7.45 (d,]= 8.0 Hz, lH), 7.37 (d,]= 7.9 Hz, 
1H), 7.29 (d,j = 9.5 Hz, 1H), 7.24 (dt,] = 8.1, 0.8 Hz, 1H), 7.17 (d,] = 1.7 Hz, 1H), 7.04 (dd,j = 
7.9, 0.8 Hz, 1H), 6.39 (d,j = 16.0 Hz, 1H), 4.27 (q,] = 14.3 Hz, 2H), 3.92 (s, 3H), 1.34 (t,] = 7.1 
Hz, 3H); 13C-NMR (75 MHz, CDCb) 6 166.8, 166.4, 157.4, 156.9, 143.7, 136.5, 132.1, 130.4, 
129.9, 124.8, 123.6, 123.5, 120.6, 119.9, 119.2, 117.9, 60.6, 52.3, 14.3; IR (neat) 3065, 2980, 
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2953,2901,1709,1639,1575,1484, 1442,1269,1230, 1177,1097,1036,983, 756; HRMS 
(ESI) calcd for C19HtsOs: 326.1154, found 327.1224 (M+H)+. 
Methyl 3-(3-vinylphenoxy)benzoate (44c). Method B was followed on a 0.13 
mmol scale starting from methyl 3-hydroxybenzoate 43. The crude material was purified 
on silica gel (10% EtOAcjhexanes) to afford 44c as a yellow oil (27 mg, 82%): RJ 0.74 (20% 
EtOAcfhexanes); 1 H-NMR (300 MHz, CDCIJ) ù 7.78 (d,1 = 7.7 Hz, 1H), 7.67 (t,1= 1.9 Hz, 1H), 
7.41 (t, j = 8.0 Hz, 1H), 7.31 (t, 1 = 7.8 Hz, 1H), 7.23-7.17 (m, 2H), 7.07 (s, 1H), 6.90 (dd, j = 
8.0, 1.6 Hz, 1H), 6.68 (dd,j = 17.6, 10.9 Hz, 1H), 5.73 (d,J = 17.6 Hz, 1H), 5.27 (d,j = 10.9 Hz, 
1H), 3.90 (s, 3H); 13C-NMR (75 MHz, CDCb) ù 166.5, 157.4, 156.9, 139.7, 136.2, 131.9, 129.9, 
129.8, 124.4, 123.3, 121.8, 119.6, 118.5, 116.7, 114.9, 52.3; IR (neat) 3076, 3008, 2952, 
2928, 2844, 1724, 1573, 1485, 1442, 1275, 1250, 1208, 1143, 1098; HRMS (ES!) calcd for 
Ct6H140 3: 254.0943, found 255.1010 (M+H)+. 
Methyl4·(2·(diethoxymethyl)phenoxy)benzoate (44d). Method A was followed 
on a 0.23 mmol scale starting from methyl 3-hydroxybenzoate 43. The crude material was 
purified on silica gel (15% EtOAc/hexanes) to afford 44d as a colorless oil (38 mg, 50%): RJ 
0.73 (20% EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) o 7.78-7.72 (m, 2H), 7.64 (t,J = 2.0 
Hz, 1H), 7.42-7.28 (m, 2H), 7.24-7.15 (m, 2H), 6.91 (d, 1 = 8.0 Hz, 1H), 5.76 (s, 1H), 3.91 (s, 
3H), 3.70-3.62 (m, 2H), 3.59-3.49 (m, 2H), 1.18 (t, J = 7.0 Hz, 6H); 13C-NMR (75 MHz, CDCb) 
0 166.6, 158.1, 153.7, 131.8, 131.1, 129.8, 129.6, 127.9, 124.3, 123.9, 122.5, 119.6, 118.9, 
97.5, 62 .3, 52.2, 15.1; IR (neat) 3066, 2975, 2877, 1724, 1580, 1482, 1444, 1271, 1230, 
1202, 1052, 994, 905, 754; HRMS (ESI) calcd for Ct9Hn 0s: 330.1467, found 353.1363 
(M+Na)+. 
3-(3-lodophenoxy)benzaldehyde (47). The general procedure was followed on a 
0.23 mmol scale starting from 3-iodophenol 45. The crude material was purified on silica 
gel (15% EtOAc/hexanes) to afford 47 as a yellow oil (33 mg, 44%) : Rt 0.69 (20% 
EtOAcfhexanes); 1H-NMR (300 MHz, CDCb) o 9.97 (s, 1H), 7.64 (dt,]= 7.4, 1.0 Hz, 1H), 7.52-
7.46 (m, 3H), 7.37 (t, J= 2.0 Hz, lH), 7.30-7.26 (m, 1H), 7.09 (t,J= 8.1 Hz, 1H), 6.99 (dq,j= 
8.2, 0.9 Hz, 1H); l3C-NMR (75 MHz, CDCh ) ù 191.4, 157.7, 157.0, 138.3, 133.2, 131.4, 130.7, 
128.3, 125.5, 124.9, 118.6, 118.5, 94.5; IR (neat) 3059, 2923, 2827, 2734, 1697, 1572, 1465, 
1450, 1243, 846, 781; HRMS (ESI) calcd for C13H9IOz: 323.9647, found 324.9714 (M+H) +. 
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3-(5-Iodo-lH-indol-1-yl)benzaldehyde (48). The general procedure was followed 
on 0.12 mmol scale starting from 5-iodo-lH-indole 46. The crude material was purified on 
silica gel (20% EtOAcjhexanes) to afford 48 as a yellow oil (29 mg, 70%): Rr 0.54 (20% 
EtOAcfhexanes); 1H-NMR (300 MHz, CDCh) ô 10.09 (s, 1H), 8.03-8.00 (rn, 1H), 7.98 (s, 1H), 
7.87 (dt,]= 7.0, 1.7 Hz, 1H), 7.76-7.68 (m, 2H), 7.52-7.42 (rn, 1H), 7.33-7.30 (rn, 2H), 6.65 (d, 
j = 3.3 Hz, 1H); 13C-NMR (75 MHz, CDCIJ) ô 191.3, 140.2, 137.9, 134.8, 131.9, 131.1, 130.6, 
130.2, 129.8, 128.4, 128.3, 124.2, 112.2, 103.8, 84.3; IR (neat) 3106, 3068, 2958, 2920, 
2829, 2734, 1698, 1588, 1487, 1459, 1237, 793; HRMS (ES!) calcd for CtsHtolNO: 346.9807, 
found 347.9896 (M+H)+. 
3'-Hydroxy-[1,1'-biphenyl]-3-carbaldehyde (49). The general procedure was 
followed on a 0.23 mmol scale starting from 3-iodophenol 45. The crude material was 
purified on silica gel (20% EtOAc/hexanes) to afford 49 as a white solid (23 mg, 51%): Rr 
0.38 (20% EtOAcfhexanes); 1H-NMR (300 MHz, CDCb) ô 10.06 (s, lH), 8.08 (t, j = 1.6 Hz, 
1H), 7.87-7.82 (rn, 2H), 7.59 (t,J= 7.7 Hz, 1H), 7.34 (t, j= 7.9 Hz, 1H), 7.17 (dt,] = 7.6, 1.4Hz, 
1H), 7.12 (t,j = 2.2 Hz, 1H), 6.90 (dq,J = 8.1, 0.8 Hz, 1H), 5.87 (s(br), 1H); 13C-NMR (75 MHz, 
CDCh) ô 192.7, 156.2, 141.8, 141.4, 136.9, 133.2, 130.3, 129.6, 128.9, 128.2, 119.7, 115.1, 
114.2; IR (neat) 3363, 3062, 2927,2831, 2734, 1686,1599, 1588, 1458,1308, 1212, 1169, 
779, 690; HRMS (ES!) cal cd for Ct3 Hto0 z: 198.0681, found 199.0750 (M+H)+. 
3-(1H-Indol-5-yl)benzaldehyde (50). The general procedure was followed on 0.21 
mmol scale starting from 5-iodo-lH-indole 46. The crude material was purified on silica gel 
(20% EtOAcfhexanes) to afford 50 as a yellow oil (18 mg, 39%): Rr 0.43 (20% 
EtOAc/hexanes); 1H-NMR (300 MHz, CDCh) ô 10.14-10.13 (rn, 1H), 8.34 (s(br), 1H), 8.20-
8.17 (rn, 1H), 7.97-7.91 (rn, 2H), 7.85 (dt,] = 7.6, 1.5 Hz, 1H), 7.71-7.60 (m, 1H), 7.51 (s, 2H) , 
7.31-7.28 (m, 1H), 6.66 (q, J= 3.1 Hz, 1H); 13C-NMR (75 MHz, CDCIJ) ô 192.8, 143.5, 136.8, 
135.6, 133.4, 133.0, 131.8, 129.4, 128.5, 127.7, 125.2, 121.6, 119.4, 111.6, 103.1; IR (neat) 
3414, 3396, 3057, 2825, 2738, 1689, 1599, 1578, 1466, 1424, 1316, 1197, 792; HRMS (ESI) 
calcd for C1 sHu NO: 221.0841, fou nd 222.0924 (M+H)+. 
516 
ASSOCIATED CONTENT 
Supporting information 
Copies of tH, 13C, and IR spectra. This material is available free of charge via the Internet at 
http:/ /pubs.acs.org. 
AUTHOR INFORMATION 
Corresponding author 
*E-Mail: gagnon.alexandre@uqam.ca 
ACKNOWLEDGMENTS 
This work was supported by the Natural Sciences and Engineering Research Council of 
Canada (NSERC) and the Université du Québec à Montréal (UQÀM). P.P. thanks UQÀM for a 
FARE scholarship. 
REFERENCES 
1 (a) Dolle, R. E.; Worm, Kin Lead Generation Approaches Drug Discovery (Eds. Rankovic, Z.; 
Morphy, R.), Wiley, Hoboken, 2010, 259-290. (b) Bunin, 8. A.; Dener, J. M.; Livingston, D. A., 
Ann. Rep. Med. Chem., 1999,34,267-286. 
2 For reviews on organobismuth reagents, see: (a) Condon, S.; Pichon, C.; Da vi, M. Org. Prep. 
Proc.lnt 2014,46,89. (b) Shimada, S.; Rao, M. LN. Top. Curr. Chem. 2012,311, 199. (c) 
Braunschweig, H.; Cogswell, P.; Schwab, K Coord. Chem. Rev. 2011,255, 101. (d) Elliott, G.I.; 
Konopelski, J.P. Tetrahedron 2001,57,5683. (e) Suzuki, H.; Ikegami, T.; Matano, Y. Synthesis 
1997, 249. (f) Finet, J.-P. Chem. Rev., 1989, 89, 1487. (g) Abramovitch, R. A.; Sarton, D. H. R.; 
Fi net, J.-P. Tetrahedron, 1988,44, 3039. (h) Sarton, D. H. R.; Fi net, J.-P. Pure Appl. Chem., 
1987, 59, 937. (i) Freedman, L. D.; Doak, G. O. Chem. Rev., 1982, 82, 15. U) Gilman, H.; Yale, 
H. L. Chem. Rev., 1942, 30, 281. 
3 (a) Sarton, D. H. R.; Finet; J.-P.; Pichon, C.J. Chem. Soc., Chem. Commun., 1986,65. (b) 
Abramovitch, R. A.; Sarton, D. H. R.; Finet, J.-P. Tetrahedron, 1988, 44, 3039. (c) Sarton, D. H. 
R.; Finet, J.-P.; Khamsi, J. Tetrahedron Lett., 1988, 29, 1115. (d) Sarton, D. H. R.; Blazejewskî, 
J. -C.; Charpiot, 8.; Fi net, J.-P.; Motherwell, W. B.; Papoula, M. T. B.; Stan forth, S. P.J. Chem. Soc. 
Perkin Trans!, 1985,2667. (c) Sarton, D. H. R.; Finet, J.-P.; Khamsi, J. Tetrahedron Lett, 
1987,28, 887. (d) Sarton, D. H. R.; Finet, J.P.; Khamsi, J.; Pichon, C. Tetrahedron Lett 1986, 
27, 3619-3622. ( e) Barton, D. H. R.; Blazejewski, J.-C.; Charpiot, B.; Lester, D. J.; Motherwell, 
W. B.; Papoula, M. T. B.]. Chem. Soc., Chem. Commun. 1980,827-829. (f) 
4 (a) Rao, M. L. N.; Dhanorkar, R. J., RSC Adv., 2013,13, 6794-6798; (b) Rao, M. L. N.; Jadhav, 
D. N.; Dasgupta, P., Eur.j. Org. Chem., 2013, 781-788; (c) Rao, M. L. N.; Giri, S., RSC Adv., 
2012,2,12739-12 750; (d) Rao, M. L. N.; Giri, S., Eur.]. Org. Chem., 2012, 4580-4589; (e) 
517 
Rao, M. L. N.; Banerjee, D.; Dhanorkar, R. j., Synlett, 2011, 273-279; (f) Rao, M. L. N.; 
Venkatesh, V.; jadhav, D. N.; Dasgupta, P., Eur.]. Org. Chem., 2010 3945-3955; (g) Rao, M. L. 
N.; Banerjee, D.; Dhanorkar, R. J. Tetrahedron, 2010, 66, 3623-3632; (h) Rao, M. L. N.; 
Banerjee, D.; Giri, S.,]. Organomet Chem., 2010,695, 1518-1525; (i) Rao, M. L. N.; jadhav, D. 
N.; Dasgupta, P., Org. Lett, 2010,12, 2048-2051; 0) Rao, M. L. N.; jadhav, D. N.; Venkatesh, 
V.; Eur.j. Org. Chem., 2009, 4300-4306; (k) Rao, M. L. N.; jadhav, D. N.; Banerjee, D., 
Tetrahedron, 2008,64, 5762-5772; (1) Rao, M. L. N.; Banerjee, D.; Jadhav, D. N., Tetrahedron 
Lett, 2007,48, 6644-6647; (1) Rao, M. L. N.; Banerjee, D.; jadhav, D. N., Tetrahedron Lett, 
2007,48, 2707-2711; (m) Rao, M. L. N.; Banerjee, D.; Dhanorkar, R. J., Tetrahedron Lett., 
2010, 2010, 51, 6101-6104; (n) Rao, M. L. N.; 
s (a) Gagnon, A.; Duplessis, M.; Alsabeh, P.; Barabé, F.,]. Org. Chem., 2008, 73, 3604-3607; 
(b) Gagnon, A.; Duplessis, M.; Fader, L., Org. Prep. Proc.lnt., 2010,42, 1-69; (c) Gagnon, A.; 
Albert, V.; Duplessis, M., Synlett, 2010, 2936-2940; (d) Petiot, P.; Gagnon, A., Eur.]. Org. 
Chem., 2013, 5282-5289; (e) Petiot, P.; Gagnon, A., Heterocycles, 2014,88,1615-1624. 
6 (a) Gagnon, A.; St-Onge, M.; Little, K.; Duplessis, M.; Barabé, F.,j. Am. Chem. Soc., 2007, 129, 
44-45; (b) Petiot, P.; Dansereau, ).; Gagnon, A., RSC Adv., 2014, 4, 22255-22259. 
7 (a) Cri far, C.; Petiot, P.; Ahmad, T.; Gagnon, A., Chem. Eur. ]., 2014,20, 2755 -2760; (b) 
Petiot, P.; Dansereau, j.; Hébert, M.; Khene, 1.; Ahmad, T.; Samaali, S.; Leroy, M.; Pinsonneault, 
F.; Legault, C. Y.; Gagnon, A, Org. Biomol. Chem., 2015,13, 1322-1327. 
8 
9 
1 0 H. Benelkebir, C. Hodgkin son, P.J. Duriez, AL. Hayden, R. A Bulleid, S.). Crabb, G. 
Packham, A. Ganesan, Bioorg. Med. Chem. 2011,19,3709-3716. 
11 P. Villain-Guillot, M. Gualyieri, L. Bastide, F. Roquet, j. Martinez, M. Amblard, M. Pugniere, 
J-P Leonetti,j. Med. Chem. 2007,50, 4195-4204. 
12 H. Sa no, T. Noguchi, A Tanatani, Y. Hashimoto, H. Miyachi, Bioorg. Med. Chem. 2005, 13, 
3079-3091. 
ANNEXEJ 
"SYNTHESIS OF HIGHL Y FUNCTIONNALIZED TRIARYLBISMUTHANES BY 
FUNCTIONNAL GROUP MANIPULATION AND USE IN C-, N-, AND 0-, 
ARYLATION REACTIONS" SUPPORTING INFORMATION 
Article en cours de rédaction 
Titre: Synthesis ofHighly Functionnalized Triarylbismuthanes by Functionnal Group 
Manipulation and Use in C-, N-, and 0-, Arylation Reactions 
Auteurs :Pauline Petiot et Alexandre Gagnon* 
U
'l 
.
.
.
.
.
.
 
\.0
 
lJ1
 
N
 
M
(O
 
"'
~ 
~ 
0 
îs;
 
"
0
 
:;
~ 
~ 
"
"
 
U
:Î\
Ô 
c
i 
\(
 
\1 
1 
1 
1 
~ 
1 
~ 
1 
1' 
'l' 
~ 
~ 
~ 
~ 
R 
.
,; 
.
,; 
1,5
 
10
.
0 
9.
5 
9.
0 
8.
5 
8.
0 
7.
5 
7.
0 
6 .
5 
6.
0 
5.
5 
5.
0 
4.
5 
4.
0 
3.
5 
3.
0 
2.
5 
2.
0 
1.
5 
1.
0 
0.
5 
0.
0 
-
0 
fl
 (p
pm
) 
;l;
 
~ 
~ 
§ 
~ 
::; ::i 
.
.
; 
~ 
~ 
:!;
 
:0 
Î 
Î 
ï 
1 
.
l 
'
"
 
..
. 
,.
. 
r 
.,
.,
. 
.
,
 .
. 
,
 
r 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
f1 
(pp
m)
 
10
0,
5 
10
0,
0 
99
.5
 
99
,0
 
98
,5
 
98
,0
 
97
,5
 
6 
97
,0
 
·~ ·~ 
96
,5
 
c ~ <ft 
96
,0
-
95
,5
 
95
,0
 
94
,5
 
94
,0
 
93
,5
 
93
,0
 
92
,5
 40
00
 
~~J~~~,I 1~~~~},\
'-1j! 111~~ 
,
 
t;J\Iii~I
N~\~J8~/~
~~,n~\~~
.~~~~\
 ~ .. Ji,~
 .. ''rwr
. Î\
 1r~\ 
111/~l,
ili~ l
~i''fiW
''\ ' 
~ ~~~
 11r 
Il\
 
r 
\·{'~' 
,~\,.l ..
. 
lli 
·
r 
1 
1 
1 
i 1
 
1, 
' 
~~~ 
35
00
 
Il 
~. ~ ' 
25
p 
: 
1 :
 
~~ 
~. 1 r 
.
 Ill 
·
 
1 
~ 
Il--
~, 
,
.
.
 
1 
1 
' 
\
,
 
1 
--~
 
1 
' 
~ 
!1. 
g 
:::: 
ro
 
~
 
11,1
 
N
 
i 
~ 
·~ 
,rj, 
1 
~ 
~ 
30
00
 ' 
~-
,. 
~ 
0>
 
ro
 
.
 
"
' 
.
.
.
.
 
rn
 
N
 0>
 
N
 
<J
J 
ro
 
.
n IJ)
 
0>
 
N
 
N
 
1 
25
00
 
20
00
 
N
om
br
e 
d'
o
n
de
 (c
m
-
1) 
0 N
 
a:
i 
~
 
IJ
) 
;!, <JJ. ro .... 
15
00
 
~
 
<J
J fi "' 
10
00
 
lJ1
 
N
 N
 
'r'
'T'
 
s 
~ 
1 10
.
5 
10
.
0 
•
.
 5 
.
.•
 
.
..
 
•
»
 
·~ 
7.
0 
u
 
8.
0 
5.
5 
5.
0 
·~ 
4.
0 
3~
 
3.
0 
'·
' 
2.
0 
1.5
 
10
 
0.
5 
.
0.
5 
(J
1 
N
 w
 
100
~ 
,~,.p
. .. ...
_
,
) 
-
-
-
-
-
.
.
.
.
 )~
V'
"%
~ 
J.r
.Y
 
v-
., 
95
 
90
-
-
N
 
.
.
.
..
 
85
 
~ ..,. (') 
80
 
75
 
c 
70
 
0 ïii
 
"'
 ï~ 
65
 
"'
 
c ~ 1- ;ft
 
60
 
55
-
50
 
45
 
40
 
35
 
30
 40
00
 
35
00
 
1 
~~ 
~ 
1 
g 1
 
) 
1 
,
 .
 
\rf Jt ·~~
 
N
 
CD
 
!X
l 
CD
 
N
 
CD
 
"
' 
N
 
30
00
 
N
 M
 
.
.
.
.
.
 
!X
l 
N
 25
00
 
20
00
 
N
om
br
e 
d'
o
n
de
 (c
m
-
1) 
N
 
N
 
1 
CD
 
,.
.: 
"
' 
0 
N
 
.
.
.
.
.
 
1 
"
' 
0 
~ 
"
' o
i 
"
' 
1 
N
 
~
 
1 
!X
l 
l 
N
_
 
.
.
,. N
 
('
) 
1 
~
 
1 "'
 
.
.
.
.
.
 
.
n "'
 ~ 
15
00
 
10
00
 
Il 
1 f
 
l-
J
 v
-
-
~
-
--
-'
--
-'
 
'T''T
' 
'T' 
'1' 
'T'
 
§~
 
~ 
~ 
~ 
10
.5
 
10
.0
 
8.
5 
8.
0 
1.
0 
7.
0 
65
 
6.
0 
5,
5 
5.
0 
.
..
 
•.
o
 
,,
,1 
1 
1 
J 'l
' ~ 
3.
5 
3.
0 
2A
 
r 
1 
1 
A)
""
'C
~_
~-
--
1.
5 
10
 
0.
5 
0.
0 
.
0.
5 
V1
 
N
 
V1
 
U1
 
N
 0">
 
~ 
~~i
 
5l 
~ 
:;i:
ilo
!i 
~ 
i 
T\
i 
i 
CH
3 
CH
3 
<
 
>Q
---{
 
1 
_
/?;
 0
\ 
,
,c
 
1 
::
p 
c,
,
 
HJ
C
_
j 
0
\
 
25
m
 
CH
3 
1 
1 
Il 
1 
L 
"
"
· 
Id
 
w
.. 
.
.
 ,,
 
.
, 
.
 
21
0 
20
0 
,.
, 
..
.
 
""
 
'"
' 
,,
. 
..
. 
,.
 
••
• 
11
0 
10
0 
..
 
50
 
.
, 
"'
 
••
 
.
.
• 
z 0 
3 0" 
til a. 
g-
a. 
<1> 
ô 
~ 
LlS 
w 
8 0 
"' "' 0 
0 
"' 8 0 
0 
0 
0 
2972,88 
2928,16 
1390,11 
%Transmission 
1371,29 
"" 0 
CD CO CO (X) CD 
N .t:r. en 0:1 o 
N 
01 
3 
1 
f 
1 
fJ< 
'T' 
'T
 '
T' 
~ 
:2 
~ 
j 
.
.
.
; 
1.5
 
10
.
0 
9.
5 
9.
0 
8.
5 
8.
0 
7.
5 
7.
0 
6.
5 
6.
0 
5.
5 
5.
0 
4.
5 
4.
0 
3.
5 
3.
0 
fl
 (p
pm
) 
le
 
2.
5 
2.
0 
1.
5 
1.
0 
0.
5 
0.
0 
-
0 
Ln
 
N
 00
 
~ 
M
M
 
iii 
(2
~ 
,.
_
N 
~ 
.
.
; 
~~
 
:!;
 
ï 
\ 
\l
 
le
 
l. 
.~
. 
"
' 
.
..
. 
•
 
.
 J. 
W
i 
•
•
•
 J 
1 . 
,
 
•
 .
,.
.,
 
.
,
.
,
,
 
I'I
T
 
.
..
 
l' 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
f1 
(pp
m)
 
0 
-
10
 
lJ1
 
N
 
ID
 
%Transmission 
"' "' "' "' 
..... ..... .... .... .... 
"' "' î: "' "' 
tD tO tD tO tO 0 0 0 .... 
"' 
.... 
"' "' 
0 
"' 
.... 
"' "' 
0 
"' "' "' 
0 
"' 
.... 
"' "' 
0 
"' 
.... 
8 
1 1 1 '1 
0 :J.. ,li. 
'> ~~ 
..f _ ....
w t ~ l 0 ~.; 
\ 3041,83~~ 
_!l 
w 
2977,18~...> 8 0 
) 2806,06---...._ ___ __. 
-~ ~ 2723,54 
) z "' 0 01 { 3 0 
0" 0 
iD 
;<. 
a. 
1 ~f a. ~ ~ CD (') 
! { 
"' ~ 8 ~ 
0 
~ 
l ····---__ .--':> 1689,85 ·~ ... 
1671,09 ~·· --------·--
~ 
~ 
1571,23 1556,17 
__::_-;; 0 
~--~ 1448,47 
~=c-__:::::~ 1290,09 ~-=="--:::::. 
1196,71 
-·--,_ 
-=·-r 
// 
·--,_ 
0 1110,03 
-=;:, 
0 
~--J 
0 
835,23 
759,31 -=.. 
OE5 
(wdd) H
 
o-
o
·o
 
s
·o
 
o
·1 
o
·z 
s
·z 
o
·E 
o
·v 
s
·v 
o
·s 
s
·s 
o·g 
o
·L 
S'L 
o
·s 
s·s 
o
·6 
s
·6 
o
·o1 
s1 
~ 
~ 
eg 
~ 
~
 
~~ 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
-
-
-
-
-
,
,
-
-
-
-
-
-
-
-
~
,
-
,
r
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
r
-
n
r
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
OH 
HO
 
y 
~"9 HO 
li 
lJ1
 
w
 
g 
i§ 
~ 
N
 
"
'! ! 
,.
..
,;,.
..; 
~ 
~
~
 
T 
1 
v
 
20
 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
ll
O
 
lO
O 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
fl
 (p
pm
) 
10
5 
10
0 
IJ/
"" ..
.
.
.
.
 ~.
.f
< .. 
~ 
\ \ 
95
 
\ 
90
 
1 
85
 
80
 
75
 
70
 
65
 
60
 
55
 
50
 
45
 
40
 
1 \, \ \ ~
 \ \ \ \ \ 
35
~-
--
--
--
-~
--
--
--
--
~-
--
--
--
-~
--
--
--
--
~-
--
--
-~
~-
--
--
-~
--
--
--
~ 
40
00
 
35
00
 
30
00
 
25
00
 
20
00
 
15
00
 
10
00
 
N
om
br
e 
d'
on
de
 (c
m-
1) 
l.n
 
w
 
w
 
10
5 
·~
o 
•
 5
 
~0
 
.
..
 
0.
0 
If 
1 1 Il 1 
"
-
-
' 
LL
....
..._
_,
 
'T'
 'T
' 
'T
 
'T
' 
§ 
§ 
~ 
!! 
15
 
1.
0 
.
..
 
·~ 
1 1
 
lh
 
~
 
1 
1 
'T
' 
T 
~ 
' 
••
 
·~ 
4.
5 
4.
0 
3.
5 
l~
 
25
 
2.
0 
15
 
1.0
 
0.
5 
0.
0 
.
.
.
.
 
I
l 
21
0 
'"
' 
1"'
 
17
tl 
1"' 
15
0 
..
.
 
13
0 
11
0 
lh
 
10
0 
90
 
"'
 
"'
 
zo
 
10
 
-
10
 
lJ1
 
w
 
lJ1
 
"' 8 0 
N 
8 0 
~ 
g. 0 
3084,25 
3063,44~ 
3040,09 
%Transmission 
3005,59 2984,12 ------·-··--::::-
2927,42~---~ 
1421,00 1401,74 1379,69 
991,23~-====....:===-= 
1 ~"7. 
2863,10 ~ 
1939,03 
1820,65 
-~ 
~ 1 
_) 
1200,44 
1099,13-=-~~ 
·.;._;;::====::::==----:;-:, 
905,62 --~==========--~-----=~ ---==-___ -:-__:--_:--:;:. 
-·· ··-------------.... 
--------____..) 
790,95 
709 85 
9tS 
! 1
 
~ 
! 
I 
~ 
;; 
10
,5
 
10
.
0 
0.
5 
0.
0 
.
..
 
M
 
15
 
1.
0 
65
 
2î
,D
yc
,,
 
0 
H 3
C 
0 
li
 
8.
0 
..
 
5.
0 
'
5
 
.
.
.
o 
; ri 
l.
5 
3.
0 
..
. 
L
_
_
 
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
 
-
-
-
-
-
-
-
-
-
-
-
-
2.
0 
1.5
 
1.
0 
•..
 
M
 
.
.
.
.
 
lJ1
 
w
 
-
.
.
.
! 
0 
.
.
.
.
.
.
.
.
 
.
JL
 
••
 
'"
 
21
0 
10
0 
Hi
O 
18
0 
17
0 
l&
CI 
15
0 
tol
O 
13
0 
t2
0 
11
0 
10
0 
90
 
.
 
ao
 
70
 
"
' 
,..
,. 
20
 
10
 
·
10
 
lJ1
 
w
 
00
 
6ES 
Ol 
8 
0 
8 
%Transmission 
J ======-== 1678,16 ~.~---"'=====----1577,63 1559,39~0---~ 1404,22~__:~ 1355,73~·-=--::; 
1276,25 1254,70 
947,56 _______ ~~ 
788,49 ) 
691,00 __ .. .-------5 
1 
1 
'r 
'r 
'T"
r' 
'T'
 
~ 
~ 
i!
!~
 
o:
:l 
~ 
1 
1 0
5 
10
0 
..
. 
•
o
 
•..
 
·~ 
'·
' 
1.
0 
65
 
6»
 
..
 
0 
lj
 
S»
 
.
.•
 
•
.
o
 
3.
5 
3.0
 
..
 ~
 
N
 1 ~· :0 ,.; 
a 
15
 
1.
0 
0.
5 
0.
0 
..
. 
Ln
 
~
 
0 
I 
f frr
f 
J 
1 
0 
H
 
~
 
OH
 
# 
~
 
CH
3 
33
 
# 
'l'
 
"
1 
'r
'r
'P
Y'
 
'T
' 
'
T
' 
'T
' 
!! 
~~
~~
~ 
~ 
s 
~ 
' 
.
.
.
.
 
10
.
0 
0.
5 
••
 
&.
5 
u
 
7.
5 
7.
0 
u
 
6.
0 
5.
5 
5.
0 
M
 
•
.
o
 
35
 
3.
0 
2.
5 
20
 
1.
5 
1.0
 
0.
5 
0.
0 
.
0.
5 
V1
 
""
' 
.
.
.
.
.
.
 
i ï 
~ 1 
! 1 
0 
H
 
1 
# 
1 
~
 
CH
3 
# 
1 
1 
OH
 
33
 
1 
1 
1 
Il 
1 
1 
1 
1 
1 
,.
 
~
 ..
.
.
 
21
0 
19
0 
11
!0 
11
0 
""
 
15
0 
1<
0 
13
0 
12
0 
11
0 
10
0 
..
 
10
 
"'
 
..
 
20
 
10
 
·
10
 
L
_
 
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
 
-
-
-
-
-
-
-
-
-
-
-
Ul 
8 
0 
8 
%Transmission 
1388,46 
1215,43 
1108,44 
-
~-- ,_.-
/ 
--{ 3422,44 "-----____________ _____ 
3058,50~ ~· 3031,48~-----Ç, 
22835,64 
2923,43 1 
1369,14 
793,65 
2730,47 
--=--== --·-:;:; 703,18 
rf 
li 
1 
( 
_~f
 
1 
f 
1 
H3
C~
OY
NH
 
0 
H 3
C 
CH
3 
0 
~
 
~
 
/""
'...
.. 
0 
CH
3 
3a
 
.
#
 
'r' !l 
10
5 
lM
 
95
 
~0
 
.
..
 
.
..
 
15
 
7.
0 
65
 
.
..
 
s.o
 
<.
S 
<.
0 
3.
S 
3.0
 
2.
0 
I.S
 
1.0
 
0.
5 
0.
0 
.
o.
s 
! ï 
H3C
~
O
Y
N
H
 
H 3
C 
CH
3 
0 
21
0 
20
0 
10
0 
18
0 
17
0 
3a
 
""
 
15
0 
i
!
!
~
g
;
;
~
~
N
N
~
 
~;
;~
~~
~~
!~
~ 
;;
~~
;;
g~
f'
f~
~ 
ï\~
...
:..
,~\
ï 
..
. 
Il 
1 I
l 
13
0 
~ 
~ 
~
 
~ 
~ 
i!i 
1 
2 
:\ 
1 
1 
i 
ï 
0 
~
 
O~
CH
3 
12
0 
11
0 
10
0 
"'
 
80
 
..
 
50
 
..
 
JO
 
20
 
10
 
·
ID
 
0 <.n 
N 
0 "' <.n 
""" 
8''''''''''' 01 "'''"' 
"' g; 0 
~ 
8 
z"' 0 <.n 
~ 8 ii! 
a. 
~i g-
I ~ 8 
"' 0 "' <.n """ 0 
%Transmission 
""" <.n <.n <.n 0 <.n 
~ 
m m ~ ~ ~ œ ~ w o 
0 ~ 0 ~ 0 ~ 0 ~ 0 
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,tî 
~ ,! 
"""'~ ___ ) 336266~-
. ----~ 
2976,47 ---___ .;;:---
293 ---==== 
'" ;---., 2865,54 ) 
~ ! \ 1 
--·-5 1702,52-=-=--.-----··==--
<.n 
8 
0 
8 
1637,42 
_ .. -~~ 
1507,76 1488,17 -.. m -=·.,.. 
1306,9o---L~ 1365 o4 ~~~-~ 1267,27 1247,72c=#i?----'-
1162,57-~-=-·--
~-~E==--- 1035,53 ----·--·--::J" 
1011,24 981,35 . ----·----
~-~ 
.. ~ _ .. ? 789,41 --__ _,.7 
9t75 
1 
0 
1 1
 
1
, 
'T'
 
'r"
tr'T
' 
.
,.
..
 
~ 
!S
~:
 
! 
10
.
5 
10
.0
 
.
..
 
00
 
•..
 
••
 
1~
 
1.
0 
.
 
..
 
8.
0 
0 
••
 
5.
0 
u
 
! 1 'T' ~ 
•.
o
 
3~
 
3.
0 
~ 1 'T' ~ 
,
 
2.0
 
.
.•
 
10
 
0.
5 
o•
 
..
 ..
 
Ln
 
~
 
-
.
.
.
.
J 
l./
1 
.
!:>
 
00
 
~ 
~ 
!!>
! 
-
P
..
.o
tt
i.
:I
 .
.
 
N
-<
0
 
! 
$;
; 
~~
h~
~~
~~
 
:!1 
~~
 
~~
li
:~
J;
~~
~~
 
T 
T 
TT 
T~'
-P~
 
1 
0 
0 
0 
1 C
H
3 
~
 
CH
3 
3b
 
1 
1 
1 
1 
21
0 
20
0 
111
0 
l"' 
17
0 
IS
I 
15
0 
1<
0 
13
0 
12
0 
11
0 
10
0 
llO
 
••
 
"'
 
"'
 
"'
 
30
 
20
 
10
 
·
10
 
z 0 
3 CJ' 
à1 a. 
g-
a. 
CD 
I 
6175 
"' (JI 
8 
"' 0 
8 
0 
8 
%Transmission 
1719,711 
1691~ 1668,80 
1608,17 
... 
....., (X) (X) <D (!) 0 
()1 0 U'l 0 ()1 0 
w 
cr 
'"-'---'==-=-_::._~---
---~~~ 
------~=======··---~ 1435,05 
--===-~ -------r 
1282,43___ . ----------
1191,13----------~..:.::==-...::::-= -~ 
1112,35 
767.46 
~ -----~""=- --=··-
966,85----:J 
' ---::-=~ ---4 2 
~ 
J 
f 
H
 
'T' 
'l' '
T' 
>r"
r 
'T' 
~ 
~:
 
"
11
 
::1
-
~ 
1 
10
~ 
!d
O
 
·~ 
ao
 
.
..
 
o.
o
 
·~ 
1.
0 
u
 
M
 
..
 
J 
HO
 
0 
0 
Sa
 
'
T'
 ~ 
1 
1 
·~ 
4.
5 
•
.
o
 
3.
5 
'~ 
1 ,_,, 
'T' 
§ 
~ 
25
 
2.
0 
15
 
1.
0 
0.
5 
0.
0 
.
0.
5 
Ln
 
Ln
 
0 
H
O
 
H
 
0 
0 
Sa
 
21
0 
10
0 
10
l 
17
0 
1"' 
15
0 
13
0 
12
0 
11
0 
80
 
70
 
"'
 
3D
 
20
 
10
 
·
10
 
z 0 
3 cr 
.. 
o. 
~.f o. .. 
I 
w 
8 0 
"' 
"' 0 
0 
"' 8 0 
0 0 
0 
"' 0 "' 
"' 
w 
0 
%Transmission 
2916,34 
1662,75 -==::.....::========--
1426,17 
~ ~
-·-
1264,53~ ---- 
1071,02\__==::::::::...... .. ..::= -
1027,69_,. ==·--=·· ~~~~:--:::::;=-=~= 
968,09 -~ -: ·===-==--:;, 
1388,43 
792.oo·---7-67-.-11-=====::=:;;:ê§~;,...:;::::.: -----=::. . ----.._ 
~ 1 
s 
Sb
 
t
l l1 .....
.
 
"\
'7
'~
 'T
' 
T 
~~
~~
: 
~ 
10
.
5 
10
.
0 
05
 
.
.•
 
.
..
 
M
 
75
 
7.
0 
65
 
.
..
 
'·
' 
J 1 1 j 'T' ~ 
.
..
 
..
. 
~· 
3.
5 
3D
 
A 
'r'
 ! 
2.
5 
2D
 
1.
5 
1.0
 
•..
 
M
 
-
o
.5
 
lJ1
 
lJ1
 
w
 
~ 
.
 .
1 
~il 
,,
 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
llO
 
10
0 
90
 
80
 
70
 
60
 
fl
 (p
pm
) 
H 3
C \_
o 
~ 
-
-
-
=
::::
::::
 
s 
~ 
f 
Sb
 
50
 
40
 
30
 
0 /
"
--
c
H
3 
20
 
10
 
0 
-
10
 
lJ
1 
lJ
1 ~
 
76
 -
74
 
72
 
70
 
68
 
66
 
64
 
62
 -
60
 40
00
 
35
00
 
30
00
 
25
00
 
N
om
br
e 
d'o
n
de
 (c
m-
1) 
20
00
 
15
00
 
10
00
 
Ll1
 
Ll1
 
Ll1
 
~::
':!
~ 
.
, 
i!
~g
~
2! 
*~~
~~~
 
:!1 
:::
~. 
§ 
.
.
.
 
~~
~~
~ 
"' 
.
.
.
 
.
.
:::
!...
:...
:..:
 
Î 
L
!. 
1
!
 
' 
t\
'1~
 
'
1 
1
1
!
 
1 
ffi 
( 
~ 
s 
Sc
 
~ 
7'1
'T'
 
'T' 
3~
5S
 
~ 
10
5 
1~
0 
05
 
~0
 
8.
5 
8.
0 
15
 
7.0
 
65
 
6.
0 
..
 
5.
0 
~~
;i
i~
~~
~§
 
,
.
;,
.;
..
;.
,;
,.
;,
..
,,
..
,"
..
,,
.,
 
L 
L 
L 
l 
1 
L 
\~
1./
 
<
C
H
3 
1 
0 0
\ C
H
3 
1 
1 
'"
T ~ 
<
.
5 
•
.o
 
3.
5 
.
.
.
.
.
 
~~
f'
ol
 
~:
u~
!l
 
.
.
.
,
.
.
;,
.;
,;
,.
; 
1 
J
.! 
,1
J 1 3,0
 
25
 
2.
0 
OI
"'
U:
.~
N 
~~
~ ..
. 
~ 
"
9P
 
.
 
,, 'T'
 5 
15
 
1.
0 
0.
5 
0.
0 
.
0.
5 
ln
 
ln
 
0"
\ 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
·
-
-
-
-
-
-
-
-
-
-
-
-
~ 
~ 
!5
l~
~~
Ro
~ 
~ 
t:~
~~:
:!~
:;;
 
~ 
"
 
:1 
~~
~:
Q~
~~
 
~ 
\ 
~(
\/
l\
ï 
i 
i 
s 
Sc
 
-
-
-
-
.
-
~
-
.
-
-
-
-
.
-
~
-
.
~
-
-
r
-
~
.
-
~
-
.
-
-
-
-
.
-
~
-
.
-
-
-
-
.
-
~
-
.
~
-
-
r
-
~
.
-
~
-
~
-
-
-
-
~
-
.
-
.
-
-
.
-
~
-
-
~
-
.
-
-
-
-
.
-
~
-
.
-
-
-
-
.
-
~
-
.
~
-
-
21
0 
.
.
.
 
"
''
 
lll
O 
IS
O 
13
0 
IZ
O 
1\
D 
10
0 
90
 
80
 
70
 
"'
 
50
 
"'
 
10
 
·
10
 
ln
 
ln
 
-
.
.
,J 
95
 
90
 
85
 
80
 
75
 
c 0 ïïi
 
70
 
"
' 
.
Ë Cil c "' 
.
=
 
65
 
~
 
0 
60
 
55
 
50
-
45
-
40
 
35
 40
00
 
35
00
 
0 "
' N
' 
0 ;;; 3
00
0 
CX
l 
N
 
,.
_- N
 
"
' N
 
25
00
 
20
00
 
15
00
 
N
om
br
e 
d'
o
n
de
 (c
m
-
1) 
10
00
 
V1
 
V1
 
00
 
f 
I If 
f 
0 
'T' 
'T'
 
'T'
 '
T"
T' 
'
r
 
'
r
 
~ 
~ 
:; 
~~
 
~ 
~ 
r
-
t0
.
5 
1Q
O 
•
•
 5 
0.
0 
.
..
 
·~ 
7~
 
7.
0 
"
 
.
..
 
5.
5 
H
 
7a
 
~0
 
.
.
.
 
•
.
o
 
3~
 
3.
0 
2.
5 
2.
0 
1.
5 
1,0
 
0.
5 
0.
0 
-
0.
5 
ll1
 
ll1
 
lD
 
l.n
 
O
"l 0 
~ 
::1 
~ 
~~
;o
~~
~o
t)
~ 
g 
!;; 
lE
U
 
!!
ll
lh
 
:ii 
~ 
~~
~~
;;
g~
~ 
ï 
ï 
ï 
~~
\\
i1
l 
0 
H
 
0 
H
 
1,
 
1 
1 1 
21
0 
10
0 
"
''
 
17
0 
'"
' 
15
0 
1<
0 
llO
 
12
0 
11
0 
10
0 
..
 
..
 
70
 
..
 
"'
 
30
 
20
 
10
 
·
ID
 
z 0 
3 0" 
iil 
a. 
g-
a. 
"' 
~ 
195 
..,. 
8 0 
"' ~0 
"' 8 0 
"' 01 
0 
0 
"' 8 0 
0 0 
0 
"' "' 
..,. ..,. 01 
0 01 0 01 0 
1689,41-
%Transmission 
01 Ol Ol 
...., ...., IX> IX> 
"' "' 
0 0 01 0 01 0 01 0 Ol 0 01 0 01 0 
1 1 
\ .,. i 
~ \ 
~ 
30532<';;:1 
2851,69 /) 
2745,21 1 
{ 1 
t -----------··--~ ----·---
·==,----=-::_-_-~---·---~ 1587,45-
---~ --~ 
--···=~ ----------"'=··~- 1359,28 -.,. 
1211,60\__ . ---==~ ------------= ~==="'".,_ 
1183,16 1165,70 ... -~-~-
-=-~ 83s.osL~ _____ .:;:: 
~----- 795,27----------~ -·--
739,77---=-==-::..._-=:.:: __ -=--
.... 
0-
0 
"' v,
f" 
8.6443 
~~ 
8.4896 
8.4834 
8.4772 
t.oo-d 
._______, 
~:;;;; 1:: ~ 1.00-i 
.....___, 
0.99--r ------.. 8.3450 
8.3296 
8.3247 
l.1 
8.3196 
---
.L7.5533 
~7.5330 
"' 1.19 
-
-
-
!7.5276 
~ ~ 1.01-:I 
F 
..________, 
i;:: 1.08-{ ~ r;.-;; 7.0505 
1::~ 
6.8761 
6.8398 
6.8175 
~ ~ 1.10-{ 
~ 
::t: Jt!lf!~ "' 0 
~ 
5.9048 
zd 
\:5.8499 
5.8464 
;::: ~ 11.14-{ 
]5.3284 
10 ---------. 5.3254 
Ill \:5.2925 
5.2894 -v. 
"0. 
"0 0 
2, 
~~ 1 ~ ~~ 1 ! 
0 
::t: 
'"' 
w 
v, 
w 
b 
N 1 3.01...0 
-2.5988 
v, 
N 
b 
.... 
v, 
.... 
b 
0 
v, 
0 
b 
b 
Z95 
"
'
:il
 
:.N
-C
O 
..
..
 
U
"'
Q
'I 
~ 
~ 
!!l::
:~ 
~~
~~
~!
à~
 
~;
i 
~~
~~
~=
H~
~ 
~ 
~ 
TT
 
-q
;~
l?
 T
 
1 
J.J 
.
J 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
lO
O 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
f1
 (p
pm
) 
%Transmission 
"' "' "" 
... .... (Jl (Jl 0> 0> .... .... CX> CX> <0 <0 0 A (Jl 0 (Jl 0 (Jl 0 (Jl 0 (Jl 0 (Jl 0 (Jl 0 (Jl 0 
8 
'1 1 1 
0 } 
j .:S 
~ "' '- ~ 3380.27u 
0 
3060,84\ 
\ \ 
"' 3038,02~ 8 __ ?. 0 ----~ . 2954.36 1 r-
,,,,/ 2866,90 j z "' 
\ 
0 (Jl 
3 0 
a 0 
Cil a. 
~{ (0 a. 
<D Q) 
I } 
"' J, 
8 
""·"~J 
0 
----=-' 
---_::.> 
1571,56 
~ 1554,81 _____:__---.? 
0 
1430,51 --·--~ 1384,35 
1364,41 s~ 
1189,88 ____ ~--.,... .::::::::. 
-=-
::::::::> 
0 980,73~
0 912,28~ ........_ : .......----"'--::::::> 0 
. -:::). 
---
789,35 ~""'"'=-'=··? 
__ ::::> 
---·-~~ 
179S 
N
 
1 
/1 
! 
Ha
c
,
 
i:
 
/ 
N
 
N
 
1 
CH
a 
CH
a
 
CH
a
 
11
a 
OH
 
'T' 
7'1/
 
'T' 
'T'
 
.
,.
 
'T'
 
a 
li! 
li 
s 
~ 
~ 
~ 
.
.
:o
 
10
.
5 
10
.
0 
·~ 
9.
0 
.
..
 
8.
0 
1~
 
1.
0 
·~ 
8.
0 
.
.•
 
5.
0 
'"
 
~0
 
3.
5 
3.
0 
>
5 
20
 
1.
5 
1.0
 
0.
5 
0.
0 
.
..
.
 
IJ1
 
en
 
IJ1
 
Ln
 
O
'l 
O
'l 
~ 
"
8 
~~g
 
~-
'i. 
SI:
 
~:
:;
:e
 
1 
Il
 
111
 
ll
a 
OH
 
1 
1 
.
.
.
 
,,
. 
..
. 
13
0 
"
"
 
..
.
 
"
"
 
..
 
••
 
10
 
..
 
•
 •
 
30
 
20
 
100
,_
_,
.,
..
;.
~.
 
95
 
90
 
85
 
80
 
75
 
70
 
65
 
60
~ 
55
 
50
-
45
 
40
 
35
~ 
30
 
25
-
20
 
15
 
10
 5 0 
-
5 
-
10
 40
00
 
f 
\ 
r 
\ 
1 
)
/ 
1 
/ 
~ a; 1{) 0 "' 
~­ ;::: (") (") 
35
00
 
30
00
 
25
00
 
20
00
 
15
00
 
10
00
 
N
om
br
e 
d'
on
de
 (c
m-
1)
 
in 
.... 
0-
0 
<0 
in 
<0 
0 
~ 0.8H ~ 0.87--1 
2.10~:; 
0.90""f 
~ 12.33~ 1.11-.,. 
:"'-' 3.08-I 
VI 
...., 
0 
0> 
in 
0> 
0 
VI 
in 
;:! 
-v. 
"'· '0 
2. 
-4> 
in 
... 
0 
w 
in 
w 
0 
1 3.00-{ N 
in 
N 
0 
.... 
in 
.... 
0 
0 
in 
0 
0 
b 
..... 
w 
Ill 
f 
z_ 
1 
z~ ;/ 
() 
"':r. 
0 
\ 
.______, 
-
-
-
=::::::::::: 
{:
8.7577 
8.7515 
8.7454 
r8.1827 
.l.-8.1757 
'-8.1556 
\:7.9967 
./m~a =---7.6489 
7.6230 
7.5853 
7.5789 
7.5747 
7.5684 
7.5563 
7.5504 
7.5386 
7.5317 
7.5256 
7.5223 
7.5140 
7.5094 
2.7045 
895 
(wdd) l) 
OT-
0 
OT 
oz 
OE 
ov 
os 
09 
OL 
09 
06 
oot 
o
n
 
OZ! 
o
n
 
ovt 
ost 
09! 
OLT 
08! 
06! 
ooz 
OTZ 
0 
1 
~
~
~
 
1 \ 
1 
~ 
-
.
.
-
-
-
-
-
-
-
-
-
-
-
g:i(i 
;;; 
~~~~~r.s~~~~~
~ 
,., 
;;! 
~~~~~~*~~g*~ 
~~ 
~ 
a
>
w
 
z 0 
3 cr 
Cil 
o. 
~f o. 
"' 
I 
~ 0 
0 
"' 8 0 
0 0 
0 
%Transmission 
w 
Ill 
~ ~ 
~ ---~·-=======:=c-----===== ---___.......-' 1683,30 -----==:-::::> 1600,74 1584,50~---.....;~-
1431 ,87,---~~~==~~a:o:~~~~~~;~:=.""""S:~----:,. l45064,ç:::- 1398,31 1358,05 ---'"'"""'=--::--::;;;;::= 
1235,98 
= 
---~ 
~.c::; -~ ~., 
""?> ~-;:, 
-;:;;::.~ 
785,21---:;;;:;-;;;:,::::::::~~;;;:g-~-=-~- 751,00 -~=-
'" ---.... 
OLS" 
g 0.83-3: 
-10.0381 
r:: 
~ 
l: 
o.&7-3: 
....____, '--8.1938 
~ 
o.oo-3: -----... 
__ 7.7720 
-......7.7453 
;;: 
..____ 
:e~= .... ~ ........-1.3819 2.73 ---7.3589 
1.74'1 ----.. ~7-
\72218 
.: 
7.1925 
0.86-f 
....___, <"·7Wrf 6.7886 
~ 
~ 
g ::r 
1:: 1.00--f 
-5A8M 
{,ol 
:; ID QI 
~ 
-Vz 
0 :: 
139&37 
~ 
39745 
··••-3: 
~1.~~ 
\::1.91 .. 9 
3.9057 
1.00--f 
_...-3.157U 
-.....3.0385 
!; 
b-
t: 
loroa 20397 20087 
~ 
UASO 
b 
1381 
~1.9202 
2.18 ~U955 _/1.7559 
.... 
 
-1.7144 
,1.8723 16368 
"' 
, 6228 
1.8089 
1.5794 
b 
0 
"' 
0 
" 
e 
us 
ln
 
-
.
.
.
.
! 
N
 
~ 
~~
-.
:~
~~
::
! 
g; 
! 
~ 
~ 
~h
u~
 
~ 
~ 
::j
g!i
lii
l!l
~ 
~ 
'"
' 
:; 
\V
i P
l 
ï 
1 
i 
1 
0 )m
 #q 39a 
1 
0--o
 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
.
 Il 
"
' 
.
.
.
.
 
.
J. 
.
.
.
.
.
.
 
l.o.
t 
.
LI
. 
..
.
 
.
 
,.
 
"
 
~··
 
-
.
.
.
.
 
''
"
 
.
 
.
,,
 
.
, .
 
l"
 
21
0 
20
0 
19
0 
'"
' 
11
1) 
'"
' 
15
0 
1<
0 
13
0 
12
0 
11
0 
10
0 
00
 
70
 
30
 
20
 
10
 
·
10
 
ELS 
0 
8 
%Transmission 
"' "' 0 ' 
Ol 
0 
3039,20 
3100,95 
"' 0 
"' 0 
;r--=~==~=;;;~~~~-------
2942,72 1 
2873,26 1 
1 
2850,10 
2715,03 
w 
(!) 
Ill 
1682,93~====-===:---====-=_:::.== 
1615,18 --
1508,78 ________ --
1456,96 
1329,61 '--=-=-···=·---
-------~====EE~~==~==_._:: 
1044,03 ~------.=:---==------==-~ 
920,54 
r 
r 
'T' 
'T' 
~ 
~ 
10
5 
lM
 
95
 
.
..
 
JI 
(/fr
 f 
.
..
 
65
 
·~ 
1 ~· 
·~ 
1 
.
..
 
.
.•
 
3.
S 
3.0
 
0 
39
b 
f' 
~ 
::
::
:,
--
..
 
1 
1 
J 
,,
 
.
.
.
.
 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
tl 
(pp
m)
 
%Transmission 
~ 
0 ;:;, N N "' "' ... ... "' "' "' "' 
...., ...., 
"' "' 
<D <D 0 
... 0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
8 
t 
0 
~ 
"' 
~""')/ 
~0 
3106,47 ..s-"' 
"' 
3064,64-----
~ 8 0 ----.> 2977,18 
~ 
2920,14 ~--------= 
2866,90 /,---<:__ ___ 
z N 2745,21 
J 
0 
"' 3 0 
0" 0 
iii c. 
g-
c. 
'" \· 
I 
w 
CD 
f 
CT 
N 
8 
~ 
0 
~--) -·-·--------·- 1686,77 -· ····---···------... 
--
~ 1596,82 
----..::.--__ --= 
~ ~=----""' 
0 1490,17 
~--= =-= 1330,97 
=---~ 
-
1194,61 ~ =- ·-
0 
~ 
0 
0 
= => 
-~~ 
9L5 
§ 1 
J 
J 
J il 
f 
J 
39
c 
l" 
~ 
OH
 
1 
1 
=
--
1 1 1 
1 
1 
1 
hu
t. 
1 
l 
l 
T 
"
'
 1"
1''7
' 
't 
8
~
~
:;; 
~ 
.
.
;.
.;
..
:N
 
~ 
10
.
5 
10
.
0 
8.
5 
.
.•
 
.
..
 
8.
0 
1~
 
1.
0 
u
 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
1 
.
 
.
,,
 
.
 ,.
, 
T 
21
0 
"
''
 
1!
0 
11
0 
1!
0 
15
0 
0 "~
 
#
N
 
39
c 
~0
" 
1 
1<
0 
1 1
 
1 1>
0 
Il
 
1 
.
.
.
 
1 
1 
IJ
. 
.
 ..
.
 
11
0 
10
0 
..
 
1 
.
.
.
.
.
 
·~
 
10
 
..
 
50
 
..
 
20
 
10
 
·
10
 
lJ1
 
-
.
.
.
.
.
1 
00
 
z 0 
3 cr 
iD a. 
g· 
a. 
<1> 
I 
6LS 
"' 
"' 0 
0 
"' 8 0 
ô 0 
0 
%Transmission 
~-- 2920,14 -? 
2866,90 ~~ 
""" { VJ 
"' () j :;: ') 
_,.-----) .-~=-=--:-.:::::====----===··-··--·---·--
1686,77 . ~--··----··----
1596,82 ----~--~--~ 
1490,17_----=======.:,_ =<·,~-== 
1330,97 
1194,61 
! 
fu 
1! 
10
5 
·~
o 
05
 
•o
 
.
..
 
f 
6.
0 
5.
0 
1 
.
..
 
0.
0 
4
5
 
U'1
 
00
 
0 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
~
 
~
 
0 
·
U
 
#
N
 
39
d 
(KC
H, 0 
Il 1
 
1 
1 
1 1
 
"
"
"
 
,
 .
.
.
.
.
.
 
···~ 
.
•
 olo
 
Il 
J 
.
•
 IJ
 
L~
 
.
IL
 
u,
 
.
.
.
.
.
 
w
 
T 
,
,
.
 
"
 
'"
 
..
. 
"
"
"
 
"
!' 
l'
 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
f1 
(pp
m)
 
Lr
1 00
 
.
.
.
.
.
.
 
%Transmission 
.... 
~ ~ N w w ~ ~ ~ ~ m m 
~ ~ 0 ~ 0 ~ 0 ~ 0 ~ 0 ~ 
..., 
0 
..., 
"' 
(Xl 
0 
(Xl <0 <0 0 
"' 
0 
"' 
0 
L..J...l...!... 
! 
§ 11 1 1,,,, t,,,, 1,,,, 1,,,, 1,,,, t,,,, 1,,,, 1,,,, 1,,,, 1,,, 1 t,,,, 1,,,, t.,,, 1,,,, 1,, r, 1, ~. 
"' ~0 
"' 8 0 
z"' 
0 "' 3 0 
CT 0 
iil a, 
g a. 
Il> 
! "' 8 
0 
~ 0 
0 
0 
0 
1 
j J 
> 
3357,46 
~ 3102,67 ---=~ .? 
-;! 
""" 1 r~ 2825.oi j Î 
-- 3057,04 
2741.41 l 
~ r 
f 
_) --··---=-~~-======---==-> -.. -:--==-==-------=--=----==--..::=> 
1682,35-.--15::;-1586,22-__ ....,._ --. ------.-_ :=__:::3.. 
1491,10 --"··~ 1445,01:! 
-. ... =.~·.-::::.--
=:.~ 
1329,70 -1297-~--
1235, 79 --=~ 
:::,.:,-2 ~--··-:::~~ 
Z8S 
"' 
.... 
0 
0 
"' 
"' 
"' 0 
"' 
"' 
"' 0 
..., 
"' 
~~J 
T.4 
0 0.90--1. 
"' 
"' 0.89-3: 
"' 0 
"' v,
~ 
~"' "0. "00 
1 0.93-{ .ê. 
... 
v, 
... 
0 
~ 1·"1 w 0 
"' 
"' 3.08-{ 
"' 0 
.... 
"' 
2.99-I 
.... 
0 
[;:: 
0 
0 
b 
t85 
.. z: 
~i:b () ~ :z: 0 "' QI 
-
...___ 
~ 
"' 
--...... 
7.3351 
7.3297 
7.3248 
7.3184 
7.3147 
7.2646 
7.2599 
7.2565 
7.1290 
7.1218 
7.1169 
7.1109 
7.0994 
7.0930 
7.0859 
7.0803 
,6.9478 
6.9406 
6.9333 
{
6.2892 
6.2806 
6.2757 
6.2670 
J.
4.8741 
4.8527 
, •. 8310 
4.8095 
-3.5026 
-2.3744 
_..r1A642 
'-1.4426 
OH
 
1 
1 
1 
U.
.. 
"
 
..
. 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
fl
 (p
pm
) 
1 
.
1 5
0 
40
 
30
 
20
 .
.
JL
 
10
 
0 
-
10
 
l.n
 
00
 
+:
> 
z 
0 
3 0" 
êil a. 
g· 
a. 
"' 
~ 
S8S 
"" 8 0 
"' U> 
0 
0 
"' 8 0 
g: 0 
~ 
0 
0 
0 
%Transmission 
2973,38 
2920,14 /~ 2866,90 
.:>. 
0 
Ql 
~ 2243,25 / ? ( </ ______ s_). 
1644,27~--------­
-----· --16~:::.14'~--=--------=-=~ 
1405,14\~::::=:::...-=====;;::;::::::====;;~=-- 1365,66 1347 83-------=---·-::==-
11:0.44\ ~~-==..:::: ~-~=-:- 1084,29 
653.67 
i.n 
~ 
0 
0 
.., 
i.n 
.., 
0 
-
00 
i.n 
00 
0 
1.00-;!: 
0.96--= 
T~ 
V1 ::~~ 
.., 
0 
.1.12-{ 
0> 
i.n 
~r~ 1.02-{ Ul i.n 1.07-{ ..... 
-~Ul 
"0. 
"00 
2. 
.... 
i.n 
.... 
0 
w 
i.n 
w 
0 
N 
"' i 2.85-;r N 
0 
.... 
"' 
.... 
0 
0 
"' 
0 
0 
6 
..._____ 
------. 
:::::::::::::-
........____ 
....____._ 
~ 
..________ 
~ z() p-
~~ 
() 
,"f 
7.8218 
7.8138 
7.7209 
7.7143 
7.7080 
7.5279 
7.5237 
7.5204 
7.5164 
7.5016 
7.4973 
7.4939 
7.4899 
7.3989 
7.3733 
7.3470 
7.3116 
7.3065 
7.3017 
7.2865 
7.2808 
7.2760 
r6.8009 
,Y.6.7648 
~6.7424 
\.6.7061 
./6.2513 
'-6.2432 
_t:~:~ \::5.8057 
5.8031 
./5.3411 
-<""5.3055 
\.5.3035 
2.3907 
985 
H
3C
 b
N
 
N
 Q 
C
H
2 
1 
1 
1 
40
b 
1 
1 
1 
1 
""
' 
1 
.
t ' 
.
Ji
o
,
 
·
r 
"
'
1
 
..,
~!
""
 
..
 .,
 
r 
'
Y
 
' 
•..
 
-
,.
.-
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
f1
 (p
pm
) 
.
.
.
.
.
.
.
.
.
.
.
 
'"
'
' 
.
.
 Il
l.
 
.
D
l 
.
 ,
 
'11
' ,
 
.
 
80
 
70
 
60
 
50
 
40
 
30
 
T 
,,
.,
 
20
 
10
 
'
l''
 
0 
,
,.
. 
-
10
 
l./
1 00
 
.
.
.
.
.
.
.
 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
'
 
"' 8 0 
"' 8 0 
0 0 
0 
1399,59 
______ oo;./. Transmission 
1695,20 
1362,27 
1255,39 
---==~-~ ..:::;.; __ ------ 1046,97 
790,96 755,01 
__ :::»-
---··=---------=--:7-
.... 
0-
0 
"' 
"' 
"' 0 
"' v,-
"' 0 
:-1 
"' 0 
1.00-I 
0.6431 2.73 
1.61 
0.99-'f 
V'l 0.98 ?' l 0.931 0> 
0 
"' 
"' ~ 
.... 
~., 
"0. 
"0 0 
.§. 
... 
"' 
... 
0 
w 
"' 
w 
b 
N 
"' 
N 
b 
.... 
"' 
b 
0 
v, 
0 
b 
6 
685 
j 1.89-{ 
2.85-l: 
"" 
... 
Ill 
0 
\ 
0-\ 
() 
I 
"' 
------.. 
:------. 
----
~ 
z~ 
0~ z 
7.9239 
7.9169 
7.9002 
7.8932 
7.7109 
7.7034 
7.6859 
7.6333 
7.6266 
7.6199 
7.6112 
7.6036 
7.5962 
7.5917 
7.5567 
7.5308 
7.5241 
7.5181 
7.5117 
7.5052 
~
7.3983 
7.3931 
7.3872 
7.3726 
7.3670 
7.3612 
;;
6.4870 
;t::::~~ ,6.3843 
6.3608 
,4.2947 
,t.--4.2710 
':::~i~: 
r!.3512 
L1.3274 
'-uo36 
ln
 
<
.0
 
"
"
'
0
 
~ 
~5
~~
~ 
~ 
0 
~:;
!::
: 
èt 
"
"
'
 
~ 
"
' 
~ 
ti
!~
~ 
~~
~~
~ 
:g 
ci
 
~~
 Î
 
Tlr
-P
'l 
\ 
"'
 1 
C
(' ?""' 
1 
N
 
0 
~
 
1 
(CH
3 
~
 
# 
0 
41
a 
0 
Il
 
1 
1 
1 
1 
1 
1 
l 
'l 
l 
1 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
f1 
(pp
m)
 
----.o/c'o~ "Trrransmission 
(.ù 
8 0 
1362,27 
-----,,;:~~~==;;~~~~~~~~~~ 1605,88 ~ ~ ---- 1533,38 1488,99 1454~3--
1399,59 
1255,39 1229,12 
0 
8 
1046,97 
790,96 
755,01 
1:6S 
--~1 
--~---~:-=-= 
--= 
~'!'­
-~~···--==..::::-:. ... 
v, 
-0 
0 
<0 
v, 
<0 
0 
00 
v, 
-~ 
ol 
0.94-i: 
0.93-"" 
~ ~ 1.64-:l -- 2.28j 
1.03 
;;; ~ 1.06~ 
1::-l 1 
~-l 1 
"lœ~ 1 ~Ul ". 00 2. .. v, 
.. 
0 1 3.00-i c 
!-" ~ 4.73-{ ~ U1 
w 
b 
N 
v. 
..... 
b 
-v. 
6.53-;r 
-b 
0 
v. 
0 
b 
6 
o-o 
Q 0 
:q_rJ 0 ) 
() 
:r w 
-
--. 
--- :::::::--
-
--, 
--
7.8136 
7.8093 
7.8050 
7.7879 
7.7836 
7.m3 
7.6784 
·7.6733 
7.6700 
7.6647 
7.4450 
7.4182 
7.3914 
7.3650 
7.3386 
7.2945 
7.2897 
7.2837 
7.2641 
7.2458 
7.2421 
7.2373 
7.2335 
7.2184 
7.2147 
7.2098 
7.2062 
7.1909 
7.1838 
1.1n-r 
6.9906 
6.9866 
6.9821 
6.9781 
6.9642 
6.9601 
6.9556 
-~:~B.\8 
3.9067 
3.6937 
3.6702 
3.6620 
3.6534 
3.6466 
3.6387 
3.6296 
3.6226 
3.6150 
3.6053 
3.5979 
3.5915 
3.5816 
3.5732 
3.5582 
3.5499 
3.5407 
3.5347 
3.5265 
3.5031 
1.2700 
Lu467 
'-t.mo 
Z65 
.
.
.
.
 
~~
 
~~
~~
~~
~~
~ 
el 
:;) 
~ 
"
"
"
' 
"
! 
;!;
 
:8 
r;;
~ 
r;
;?
j~
;t
r:
j~
~~
~ 
8 
"'
 
T 
\1
 
~~
~ï
Ïr
--
'?
 
T 
Î 
44
a 
.
.
.
.
.
 
1. 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
f1 
(pp
m)
 
0 
-
10
 
lJ1
 
lO
 
w
 
.... 
8 0 
"' 8- 0 
"' 8 0 
0 0 
0 
.... 
0 
.... 
"' 
1399,59 
"' 0 
1362,27 
790,96 
%Transmission 
1255,39 
755,01 
.... 
0 
.... 
01 
1 "' "' 
<D 
"' 
l_ 
-=!:~> 
3289,01\, ,)' 
\ "-} . \ _..? 
3140.70, u-
"""\_L:? 3064,64~ z_> 
...---
_,---
2926,34-~--~~ 
2863.10 _r 
\ ~ t ? Q) j_ 
{_ <!!~ 
i __;::;:, --
-----=--=---------
----~ -- ------~--------
1229,12 
-----·-_;;::. 
-=:::;_-::::::> 
-- ____../ 
44
b 
1 
1 
illl'
 
1 
Il
 
'l'
l"r
.J>
",.
l"~
'T'
 
T 
'T' 
'T'
 
~ 
~~
5~
:~
:~
5 
:! 
~ 
~ 
.
.
; 
10
.
0 
9.5
 
o.
o
 
.
..
 
o.
o
 
7~
 
1.
0 
·~ 
6.
0 
5,5
 
5.0
 
·~ 
A.
O 
3~
 
3.
0 
2.
5 
2.
0 
1.
5 
10
 
o.
s 
M
 
.
0.
5 
ln
 
\.0
 
ln
 
~ g 1 
44
b 
11
 
11
1 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
fl
 (p
pm
) 
z 0 
3 cr 
éil a. 
g· 
a. 
Cl> 
I 
L65 
... 
8 0 
w 
~ 0 
w 
8 0 
"' 
<n 
0 
0 
"' 8 0 
0 0 
0 
"' 
"' 
0 
%Transmission 
~ 
"' 
w w ... ... 
"' "' 
0'> 0'> 
...., ...., 
"' "' 
<0 <0 0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
"' 
0 
>, 
~ ;t 
f } ... 
""·"~'> 
\ 
306464\_____) . __ -5 
2980,46 -~.......___ 
2952,65 ;'----~ 
~1.131 ' l ( 
~ 
1 
~ 
0" 
f 
J ::s 1709,31-~==-=========~-::_===---====-==:=._:--_::=.- 1638,81'-----= 1574,61---~======-.::::::.m:_-,, .. ==--~-·--' --~ 1483,97\__ . 
1269.41\ 
1229,76--------\....._,_ 
1441,97 .------~-==~ .. -:;.~ 1372,42 -·-= 
-----·---· 
c....:;_. 
1206,80 1176,90---=-
I
l 
1 
1 
1 
Il
 
1 
1 
IV
-
•o
s 
ld
O
 
..
. 
•o
 
.
..
 
.
..
 
7t
i 
1.
0 
! 1
 
~ 
w
 ..
.
.
_
_
 
_
_
 
JJ
 '
'
-
-
-
'
 
~
.
.
.
.
_
 _
_
_
 
_
.
_
_
_
_
 
..
. 
0.
0 
1 ~· 
5.
0 
'T' ~ 
1 
.
..
 
.
.•
 
44
c 
1 
1 
3.
5 
3.
0 
2.
0 
15
 
1 
1.
0 
0.
5 
0.
0 
.
.
.
.
 
Ll1
 
lD
 
00
 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
f1
 (p
pm
) 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
44
c 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
1.)'
1 
1..
0 
1..
0 
z 0 
3 0" 
iil 
a. 
!!f a. 
CD 
! 
w 
8 0 
~ 0 
0 
"' 8 0 
~ 
0 
0 
0 
en 
"' 
en 
"' 
"' ()) 
1724,48 
..... 
0 
%Transmission 
()) 
0 
()) 
"' 
~ 
œ oo œ ~ ~ w w m o 
~ m œ o N ~ m œ o 
t 0 
_.,----<' 
1572,98-----~\__=====·-----~-~· 
1484,79 -·-====-=-= r·==-~:;:;-:--
1441,99 ·------k==> -----------·----------· ----·-
1274,92 1250,39-======----~ 
1207,59 """:= 
009 
~ 
..... 
0 
0 
"' 
"' 
"' 0 
co 
"' 
co 
0 
:"' 
V1 
:"' 
0 
<!> 
"' 
<!> 
0 
~ 
..... 
~., 
-o. 
-o 0 
2-
... 
"' 
... 
0 
w 
"' 
w 
0 
"' i.n
"' 0 
..... 
"' 
b 
0 
"' 
0 
0 
b 
109 
1.99-'[ 
1.00---1 
1.93-{ 
2.07-J: 
0.99-! 
0.87--;I 
2.95..d 
2.13:'[ 
2.54"\f 
6.69-I 
t c. 
--
----
----
---
Q~- -0 < ~ 
cK\ n J-
~ 
.....________ 
----
7.7819 
7.7565 
7.7478 
7.7411 
7.7221 
7.7162 
7.6501 
7.6433 
7.6366 
7.4181 
·7.3914 
7.3650 
7.3499 
7.3437 
7.3247 
7.3185 
7.2986 
7.2921 
7.2837 
7.2429 
7.2186 
7.1940 
7.1846 
7.1761 
7.1576 
7.1491 
6.9228 
6.8961 
-5.7587 
3.9070 
3.6990 
3.6911 
3.6757 
3.6680 
3.6523 
3.6443 
3.6210 
3.5874 
3.5770 
3.5637 
3.5552 
3.5407 
3.5329 
3.5175 
3.5096 
3.4860 
./1.2033 
'\:1.1801 
·1.1564 
en
 
0 
[Il 
~ 
§~
i~
~~
~~
~~
 
N
 
;r, 
~ 
~ 
iii 
~ 
~ 
~ 
55
~~
~~
àà
;~
 
"
 
::l 
.
,
; 
T 
"
' 
i 
Î 
1 
~
~ 
V.
--
'~
 
1 
0 0:0
°
 
1 
~
 
~H3 
~ 
1 
# 
44
d 
1 
1 
1 
1 
1 
1 
J 
J 
j 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
f1
 (p
pm
) 
z 0 
3 cr 
àl a. 
g· 
a. 
<1> 
~ ~ 
to9 
..., 
(Jl 
8 
..., 
0 
8 
~ 
0 
8 
1270,97 
%Transmission 
-s-·=-
2876.94--=::> -·---~-----~ 
2974,69 
\ ! 
r 
-==--) ====--~~~============~===--==··===·----·~~ =---·.==:::> 
.---~·~===· :·--------· 1580,29 -_-=:> 
1482,44 ------·----=:::::;;;;;;:;;:;:;~~~~~=::::.=:::~:=;_..,;::::;:--··-- ~-
1723,84--
1229,57 
1 J
I fr 
47
 
1 
1 
'1'
 
'\.
T'
1'T
' 
'T'
r' 
§ 
§~
~s
 
:~
 
' 
10
~ 
ld
O
 
·~ 
~0
 
.
..
 
a.
o
 
·~ 
7.
0 
•..
 
..
. 
s.
s 
5.
0 
'·
' 
•
.
o
 
l.
5 
l.O
 
H
 
2.
0 
·~ 
1.0
 
o.
s 
0.
0 
.
cu
 
~'!
! 
~ ;
ll;i:E
i!:!;
li 
~~ 
:!! 
~;;
L~~
 
v 
ï 
\\ï
/1
1 
1 
Il
l 
1 
1 1 
1 
Il 
,/o
. 
.
.
.
.
.
 ~.~." 
J. 
.
 
,.
 
21
0 
20
0 
10
0 
"
''
 
""
 
"'
' 
IS
O 
1<
0 
13
0 
Gi ~'! v
 
1 
••
 ,
,
,
 
•
JI
•
 
12
0 
11
0 
10
0 
1 
.
 
.
 ~. 
.
.
 
..
 
80
 
70
 
,D
vO
y"
 
0 
47
 
.
.
,
 
"'
 
..
 
20
 
10
 
·
10
 
O
'l 
0 lJ1
 
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
_
 
.
.
_
.
j 
z 
"' 0 01 
3 8 0" 
ii! o. 
~f o. 
"' 
'[ 
"' 0 
8 
01 
8 
0 
8 
%Transmission 
1697,02 
1572,06 
1479,40 1464,84 1449,73 
3058,50 
2826,95 
2734,33 
.!>. -..j 
____ __::: 
---··-----_:::::;;:> 
==---: 
1418,41 
1243,11------=:oc. ··=--====-___;:: 
1208,42 
-----
845,75 
·-··-:::-:__-:::;, 
-::;;;;:.-----~----
909 
Vl 
... 
0 
0 
"' ë.n 
"' 0 
CD 
v,-
1.00-:1: 
~ -j Ll31 0 1.13 
"f~ 
Vl 2 38"[ 
~ 
..., 
0 
"' ë.n
"' 0 
V1 
ë.n 
~V1 
". "0 
2. 
... 
ë.n 
... 
0 
w 
ë.n 
w 
0 
"' 
"' 
"' 0 
... 
"' 
... 
0 
0 
"' 
0 
0 
b 
L09 
1.02-:1: 
:x: 
.._____ 
':--------
~ 
-------
-10.0900 
8.0334 
8.0276 
7.9826 
7.9770 
7.9707 
7.8959 
7.8903 
7.8841 
7.8726 
7.8670 
·7.8612 
7.7644 
7.7439 
·7.7378 
7.7303 
7.7064 
7.6806 
-~·· 7.5236 7.5055 
7.4999 
~
7.4766 
7.4708 
7.3277 
7.3161 
./~-~ '-6.6419 
1 
1 
1 
uo
. 
l 1 
.
,
.
 
21
0 
20
0 
19
0 
18
0 
17
0 
16
0 
15
0 
14
0 
13
0 
12
0 
11
0 
10
0 
90
 
80
 
70
 
60
 
f1
 (p
pm
) 
'V
) 
#
N
 
48
 
b-
{ 0 
.
le
 
50
 
40
 
30
 
20
 
10
 
0 
-
10
 
0"'
1 
0 00
 
z 0 
3 cr 
(il 
Cl. 
~;f Cl. 
(!) 
~ ' 
609 
w 
8 0 
"' Ol 
0 
0 
"' 8 0 
0 
0 
0 
Ol 
0 
Ol (1) 
Ol 0 
1697,66-
%Transmission 
co 
0 
1237,14 
792,81 
co 
Ol 
<0 
0 
<0 
Ol 
0 
0 
J 
fJ Ill
 
f 
0 
HO
 
H
 
49
 
1 
1 
1 
1 
'T'
 
'T
''
T
 'T
' 
"
"
?'l
' 
'T'
 
t-
r' 
~ 
§ 
~ 
~ 
S§
§ 
§ 
~ 
' 
10
5 
Od
O
 
95
 
~
0 
.
..
 
a.
o
 
75
 
7.0
 
u
 
M
 
..
 
5.
0 
.
.•
 
•
.
o
 
3.
5 
3.0
 
B 
2.
0 
15
 
1.
0 
o.
s 
0.
0 
.
.
.
.
 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
'
 
21
0 
20
0 
.
.
.
 
ta
o 
17
0 
"
''
 
15
0 
t<
O 
13
0 
12
0 
1 1 
ttO
 
0 
H
O
 
H
 
49
 
10
0 
80
 
70
 
50
 
"
' 
20
 
10
 
-
to
 
z 0 
3 0' 
(il 
a. 
~f a. CD 
î 
IV 
"' 8 
IV 
0 
8 
"' 8 
0 
8 
%Transmission 
3363,47-
1686,38-------==--= --· .... ----·----~===--·--=--
1598,64 1587,90 
.....-==-.. __ 
-====-
1470,91 1458,39---~mm--=:~-::::-
1308,38----~====--·-·-..~-,.==-
1212,37\ ==---·-----
1168,52 
778,66 
690,40 
----..... 
---==--=-~ 
943,70~.-.. ---=:5 
~~ 
--- .. --. ----·~~ 
:---=::::-;,-
l19 
i.n 
-1 
1.00---.: 
0 
0 
"' i.n 
"' 0 
"" i.n 
0.71~ 0) 4 1.07 0 2.12j 
0.85 
~j ;~~ 1.02\ :-' 
0 
Cf> 0.80-{ 
i.n 
Cf> 
0 
V> 
V> 
~ 
--uo 
't). 
'00 
.ê. 
:"-
VI 
... 
0 
w 
i.n 
w 
0 
..., 
in 
..., 
0 
-in 
-0 
0 
in 
0 
0 
b 
E19 
Ul 
0 
\ j 
~'-~ 
...._______ 
..___ 
.______ 
--------.. 
..__________ 
_/"10.1349 
'-10.1276 
8.1957 
8.1895 
8.1834 
8.1710 
7.9664 
7.9607 
7.9454 
7.9400 
7.9347 
7.8614 
7.8411 
7.8364 
7.8315 
f
7.6844 
JJ 7.6497 7.6245 
7.5989 
_/'7.5127 
'-7.5084 
~
7.3088 
7.2993 
7.2901 
~.~ J-6.6611 
,6.6576 
6.6506 
~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-l 
! 
(w
dd) u
 
01· 
0 
01 
O
l 
0( 
ov 
os 
09 
OL 
08 
o& 
om
 
o
n
 
OZT 
O(T 
OvT 
051 
09! 
OLT 
081 
061 
OOl 
O
ll 
os 
HN 
z 
0 
3 cr 
a; 
a. 
!3-
a. (1) 
I 
519 
w 
8 0 
"> 
"" 0 
0 
"> 
8 0 
g) 0 
0 0 
0 
%Transmission 
3413,77 
____ ...,.--
-----~ 
~ 3057,04~>
-~ 
~ 2625,07~?.::;;,-
~-----.:o> 2737,61 ~.,1: 
-:..-
~ ~ 
~ ~ 
"' -:!:f:.- 0 s. 
~ ......_ ~ 
~-.:.;.;_ 
~ -~ 
-"L 
~~ 
------------.. Î 
1666,73~====-·---~--:::-.:: .. =::-::.:====--==---==-= 
1596,96 
1466,43 
RÉFÉRENCES 
l a J. M. Bothwell, S. W. Krabbe, R. S. Mohan, Chem. Soc. Rev. 2011, 40, 4649 
!bR. B. Gordon, J. W. Rutledge, Science, 1984,223, 585. 
le Organobismuth Chemistry, ed. H. Suzuki, Y. Matano, Elsevier, Amsterdam, 2001. 
2 Pour des revues sur les organobismuthanes, voir: a) H. Braunschweig, P. Cogswell , 
K. Schwab, Coord. Chem. Rev. 2011, 255, 101 ; b) H. Suzuki, T. lkegami , Y. Matano, 
Synthesis 1997, 59, 249; c) J.-P. Finet, Chem. Rev. 1989, 89, 1487; d) L. D. 
Freedman, G. O. Doak, Chem. Rev. 1982, 82, 15; e) H. Gilman, H. L. Yale, Chem. 
Rev. 1942, 30, 281. 
3 M. M. Khodaei , 1. Mohammadpoor-Baltork, K. Nikoofar, Bull. Korean Chem. Soc., 
2003, 24, 885. 
4 C. Mukhopadhyay, A. Datta, Catal. Commun. , 2008, 9, 2588. 
5 C. Bamoharram, M. Roshani , M. H. Alizadeh, H. Razavi , M. Moghayadi, J Braz. 
Chem. Soc., 2006, 17, 505. 
6 C. B. Li , P. W. Zheng, Z. X. Zhao, W. Z. Zhang, M. B. Li , Q. C. Yang, Y. Cui , Y. 
L. Zu, Chin. Chem. Lett., 2003, 14, 773 . 
7 Y. J. Lee, T. Chan, Can. J Chem. , 2004,82, 71. 
8 a) N. Suryakiran, P. Prabhakar, T. S. Reddy, M. Srinivasulu, N. R. Swamy, Y. 
Venkateswarlu, J Mol. Catal. A: Chem. , 2007, 264, 40; b) N. Suryakiran, P. 
Prabhakar, Y. Venkateswarlu, Synth. Commun., 2008, 38, 177. 
9 R. S. Navath, K. B. Pabbisetty, L. Hu, Tetrahedron Lett., 2006, 47, 389. 
1° F. H. A. Kwie, C. Baudoin-Dehoux, C. Blonski , C. Lherbet, Synth. Commun. , 
2010, 40, 1082. 
11 a) N. M. Leonard, L. C. Wieland, R. S. Mohan, Tetrahedron , 2002, 58, 8373 ; b) Y. 
Watanabe, C. Nakamoto, S. Ozaki, Synlett, 1993, 115 
12 J. L. Babu, A. Khare, Y. D. Vankar, Molecules, 2005, 10, 884. 
13 a) B. Sreedhar, V. Swapna, C. Sridhar, Synth. Commun., 2004, 34, 1433; b) T. 
Ollevier, V. Desyroy, M. Asim, M. Brochu, Synlett, 2004, 2794; c) M. 
Easwaramurthy, R. Ravikumar, A. J. Lakshmanan, G. J. Raju, Indian J Chem., Sect. 
B: Org. Chem. Incl. Med. Chem., 2005, 44, 635. 
617 
14 
a) J. A. R. Salvador, R. M. A. Pinto, R. C. Santos, C. Le Roux, A. M. Beja, J. A. 
Paixao, Org. Biomol. Chem. , 2009, 7, 508; b) R. M. A. Pinto, J. A. R. Salvador, C. Le 
Roux, R. A. Carvalho, A. M. Beja, J. A. Paixao, Tetrahedron, 2009, 65, 6169. 
15 a) T. Ollevier, T. M. Mwene-Mbeja, Tetrahedron , 2008, 64, 5150; b) T. Ollevier, 
T. M. Mwene-Mbeja, Tetrahedron Lett., 2006, 47, 4051 ; c) T. Ollevier, T. M. 
Mwene-Mbeja, Synthesis, 2006, 3963. 
16 
a) M. Tajbakhsh, M. M. Heravi, A. Hosseini , A. Shahrezaiee, Phosphorus, Su/fur 
Silicon Relat. Elem., 2003, 178, 773 ; b) M. M. Heravi, M. Ghassemzadeh, 
Heterocycl. Commun., 2004, JO, 465; c) M. M. Heravi, M. Ghassemzadeh, 
Phosphorus, Su/fur Silicon Relat. Elem., 2005, 347; d) M. M. Heravi , K. Bakhtiari , H. 
A. Oskooie, Heterocycl. Commun. , 2006, 12, 209; e) E. Rajanarendar, P. Ramesh, M. 
Srinivas, K. Ramu, G. Mohan, Synth. Commun. , 2006, 36, 665 ; f) D. Azarifar, B. 
Maleki , Synth. Commun., 2005, 35, 2581; g) F. Ono, Y. Ishikura, Y. Tada, M. Endo, 
T. Sato, Synlett, 2008, 2365 ; h) M. J. Platter, M. Praveen, Tetrahedron Lett., 1997, 
38, 1081. 
17 M. M. Alam, R. Varala, S. R. Adapa, Synth. Commun. , 2003, 33, 3035. 
18 Y. Torisawa, T. Nishi , J. Minamikawa, Bioorg. Med. Chem. Lett., 2002, 12, 387. 
19 T. Ollevier, E. Nadeau , J. Org. Chem. , 2004, 69, 9292. 
20 a) T. Ollevier, V. Desyroy, C. Catrinescu, R. Wischert, Tetrahedron Lett., 2006, 47, 
9089; b) T. Ollevier, J. Bouchard, V. Desyroy, J. Org. Chem., 2008, 73, 331. 
2 1 S. Repichet, C. Le Roux, N. Roques, J. Dubac, Tetrahedron Lett., 2003, 44, 2037. 
22 G. Sabitha, E. V. Reddy, C. Maruthi , J. S. Yadav, Tetrahedron Lett. , 2002, 43, 
1573. 
23 P. A. Evans, J. Cui , S. J. Gharpure, R. J. Hinkle, J. Am. Chem. Soc., 2003, 125, 
] 1456. 
24 J. Zhang, Y. Zhang, Chin. J. Chem., 2002, 20, 111. 
25 N. Ahmed, W. H. Ansari , J. Chem. Res., 2003, 572. 
26 S. Kobayashi , T. Ogino, H. Shimizu, S. Jshikawa, T. Hamada, K. Manabe, Org. 
Le tt., 2005, 7, 4 729. 
27 C. Ogawa, S. Azoulay, S. Kobayashi , Heterocycles, 2005, 66, 201. 
618 
28 a) S. Condon, C. Pichon, M. Davi, Organic Preparations and Procedures 
International, 2014, 46, 89; b) D. H. R. Barton, J.-P. Finet, J. Khamsi , Tetrahedron 
Lett. 1987, 28, 887. 
29 R. Asano, 1. Moritani , Y. Fujiwara, S. Teranishi, Bull. Chem. Soc. Jpn. 1973, 46, 
2910. 
30 T. Kawamura, K. Kikukawa,M. Takagi , T. Matsuda, Bull. Chem. Soc. Jpn, 1977, 
50, 2021. 
31 D. H. R. Barton, N. Ozbalik, M. Ramesh , Tetrahedron , 1988, 44, 5661. 
32 T. Ohe, T. Tanaka, M. Kuroda, S. C. Cho, K. Ohe, S. Uemura, Bull. Chem. Soc. 
Jpn. 1999, 72, 1851 . 
33 M. L. N. Rao, O. Yamasaki , S. Shimada, T. Tanaka, Y. Suzuki , M. Tanaka, Org. 
Leu 2001, 3, 4103. 
34 W.-J. Zhou, K.-H. Wang, J.-X. Wang, D.-F. Huang, Eur. J Org. Chem. 2010, 416. 
35 M. T. Chan, Tetrahedron Lett. 1996, 37, 9013. 
36 T. Ritter, L. Kvrearn0, M. Werder, H. Hauser, E. M. Carreira, Org. Biomol. Chem. 
2005, 3, 3514. 
37 O. Loog, U. Maeorg, U. Ragnarsson, Synthesis, 2000, 1591. 
38 O. Loog, U. Maeorg, Synlett, 2004, 2537. 
39 O. Tsubrik, U. Maeorg, R. Si llard , U. Ragnarsson, Tetrahedron , 2004, 60, 8363. 
40 Y. A. Dodonov, T. 1. Starostina, Y. L. Kuznetsova, A. V. Gushchin, Russ. Chem. 
Bull. 1995, 44, 151. 
4 1 S. Combes, J.-P. Finet, Tetrahedron , 1998, 54, 4313. 
42 K. M. J. Brands, U.-H. Dolling, R. B. Jobson , G. Marchesini , R. A. Raemer, J. M. 
Williams, J Org. Chem. 1998, 63, 6721. 
43 G. S. Sheppard, Synlett, 1999, 1207. 
44 S. Harada, D. Hayashi , I. Sato, M. Hirama, Synlett, 2012, 405. 
45 C. C. C. Johansson Seechurn, M. O. Kitching, T. J. Colacot, Y. Snieckus, Angew. 
Chem. !nt. Ed. 2012, 51 , 5062. 
46 A. Krasovski , P . Knochel , Angew. Chem. !nt. Ed. , 2004, 43, 3333. 
--------------------
619 
47 P. J. Craig, R. O. Jenkins, Organometallic compounds in the environment: an 
overv1ew 
48 a) N. Miyaura, A. Suzuki, Chemical Reviews 1995, 95, 2457; b) E. Negishi , A. O. 
King, N. Okukado, The Journal ofOrganic Chemist1y 1917, 42, 1821 ; c) J. K. Stille, 
Angew. Chem. !nt. Ed. Engl. 1986, 25, 508; d) R. J. P. Corriu, J. P. Masse, J. Chem. 
Soc., Chem. Commun. 1972,3, 144. 
49 a) C. Shilpa, S. Dipak, S. Vimukta, D. Arti , J. Pharm. Biomed. Sei. 2012, 21, 1; b) 
T. P. Selvam, C. R. James, P. V. Dniandev, S. K. Valzita, Res. Pharm. 2012, 2, 1; c) 
A. Verma, L. Sahu, N. Chaudhary, T. Dutta, D. Dewangan, D. K. Tripathi, Asian J 
Biochem. Pharm. Res. 2012, 2, 1; d) S. B. Ferreira, C. R. Kaiser, Expert Opinion 
Therapeutic Patents 2012, 22, 1033 ; e) M. Asif, A. Singh, A. A. Siddiqui, Med. 
Chem. Res. 2012, 21 , 3336; f) C. G. Wermuth, Med. Chem. Comm. 2011, 2, 935; g) 
K. S. Rajini , P. Aparna, C. Sasikala, Ch. V. Ramana, Critical Rev. Microbiology 
2011, 3 7, 99-112; h) R. Mishra, I. Tomar, !nt. J. Pharm. Sei. Res. 2011 ,2, 758. 
5° For a review on the synthesis of azines and diazines, see: M. D. Hill, M. 
Movassaghi, Chem. Eur. J. 2008, 14, 6836. 
5 1 Pour des revues sur les réactions de couplages impliquant des réactifs alkylmétal, 
voir: R. Jana, T. P. Pathak, M. S. Sigman, Chem. Rev., 2011 , 111, 1417; T.-Y. Luh, 
M.-K. Leung, K.-T. Wong, Chem. Rev., 2000, 100, 3187; A. C. Frisch, M. Belier, 
Angew. Chem. !nt. Ed. , 2005, 44, 674; J. Terao, N. Kambe, Ace. Chem. Res. , 2008, 
41, 1545. 
52 1. Kondolff, H. Doucet, M. Santelli , Tetrahedron, 2004, 60, 3813; G. A. Molander, 
C.-S. Yun, Tetrahedron, 2002, 58, 1465; A. Ohta, M. Ohta, Y. Igarashi , K. Saeki , K. 
Yuasa, T. Mori , Heterocycles, 1987, 26, 2449. 
53 M. Haberberger, C. I. Someya, A. Company, E. Irran, S. Enthaler, Catal. Lett., 
2012, 142, 557; T. Sakamoto, S. Nishimura, Y. Kondo, H. Yamanaka, Synthesis, 
1988, 485. 
54 J. Kleimark, P.-F. Larsson, P. Emamy, A. Hedstrom, P.-O. Norrby, Adv. Synth. 
Catal., 20 12, 354, 448; H. Ohmiya, H. Yorimitsu, K. Oshima, Chem. Lett., 2004, 33, 
1240; A. Fürstner, A. Leitner, Angew. Chem. !nt. Ed. , 2002, 41, 609; A. Fürstner, A. 
Leitner, M. Mendez, H. Krause, J. Am. Che m. Soc., 2002, 124, 13856; O. Piccolo, T. 
Martinengo, Syn. Commun., 1981, Il , 497; B. Scheiper, M. Bonnekessel, H. Kra use, 
A. Fürstner, J Org. Chem., 2004, 69, 3943; B. D. Sherry, A. Fürstner, Ace. Chem. 
Res. , 2008, 41, 1500; H. Hamaguchi , M. Uem ura, H. Yasui , H. Yorimitsu, K. 
Oshima, Chem. Lett., 2008, 37, 1178. 
55 T. Watanabe, K. Hayashi , J. Sakurada, M. Ohki , N. Takamatsu, H. Hirohata, K. 
620 
Takeuchi , K. Yuasa, A. Ohta, Heterocycles, 1989, 29, 123. 
56 A. Gagnon, M. Duplessis, P. Alsabeh, F. Barabé, J Org. Chem. 2008, 73, 3604. 
57 Couplage de 2-halo azines et diazines avec des acides arylboroniques: a) T. Liu , X. 
Zhao, Q. Shen, L. Lu, Tetrahedron 2012, 68, 6535 ; b) D.-H. Lee, J.-Y. Jung, M.-J. 
Jin, Green Chem. 2010, 12, 2024; c) F. Saab, V. Bénéteau, F. Schoentgen, J.-Y. 
Mérour, S. Routier, Tetrahedron 2010, 66, 102; d) A. Tikad, S. Routier, M. Akssira, 
J.-M. Leger, C. Jarry, G. Guillaumet, Org. Lett. 2007, 9, 4673 ; e) J.-H. Li , C. L. 
Deng, Y.-X. Xie, Syn. Commun. 2007, 37, 2433; f) C.-L. Deng, S.-M. Guo, Y.-X. 
Xie, J.-H. Li , Eur. J Org. Chem. 2007, 1457. 
58 Couplage de 2-halo azines et diazines avec d'autres métaux: a) Arylindium: A. 
Masquera, R. Riveiros, J. P. Sestelo, L. A. Sarandeses, Org. Lett. 2008, JO, 3745; b) 
Arylsilicium: W. M. Seganish, P. DeShong, J Org. Chem. 2004, 69, 1137; c) 
Aryltitane: H. W. Lee, F. L. Lam, C. M. So, C. P. Lau, A. S. C. Chan, F. W. Kwong, 
Angew. Chem. !nt. Ed. 2009, 48, 7436; d) Arylmangananèse: E. Riguet, M. Alami , 
G. Cahiez, J Organomet. Chem. 2001, 624, 376. 
59 a) z. Jin, Y.-J. Li, Y.-Q. Ma, L.-L. Qiu, J.-X. Fang, Chem. Eur. J 2012, 18, 446; b) 
M. J. Iglesias, A. Prieto, M. C. Nicasio, Org. Lett. 2012, 14, 4318; c) C. Chen, H. 
Qiu, W. Chen, J Organomet. Chem. 2012, 696, 4166; d) Z. Jin, X.-P. Gu, L.-L. Qiu, 
G.-P. Wu, H.-B. Song, J.-X. Fang, J Organomet. Chem. 2011, 696, 859; e) N. Liu, 
Z.-X. Wang, J Org. Chem. 2011, 76, 10031 ; f) F. Li , J. J. Hu, L. L. Koh, T. S. A. 
Hor, Dalton Trans. 2010, 39, 5231 ; g) L. Hintermann, T. T. Dang, A. Labonne, T. 
Kribber, L. Xiao, P. Naumov, Chem. Eur. J 2009, 15, 7167; h) T. Hatakeyama, S. 
Hashimoto, K. Ishizuka, M. Nakamura, J Am. Chem. Soc. 2009, 131 , 11949; i) Z. Xi, 
B. Liu, W. Chen, J Org. Chem. 2008, 73, 3954; j) T. Hatakeyama, M. Nakamura, J 
Am. Chem. Soc. 2007, 129, 9844; k) M. G. Organ, M. Abde1-Hadi , S. Avola, N. 
Hadei , J. Nasielski , C. J. O'Brien, C. Valente, Chem. Eur. J 2007, 13, 150; 1) M. 
Parmentier, P. Gros, Y. Fort, Tetrahedron 2005, 61 , 3261; rn) L. Boully, M. 
Darabantu, A. Turck, N. Plé, J Heterocycl. Chem. 2005, 42, 1 423 ; n) S. Du mouche!, 
F. Mongin, F. Trécourt, G. Quéguiner, Tetrahedron Lett. 2003, 44, 3877; o) F. 
Mongin, L. Mojovic, B. Guillamet, F. Trécourt, G. Quéguiner, J Org. Chem. 2002, 
67, 8991; p) A. Fürstner, A. Leitner, M. Méndez, H. Krause, J Am. Chem. Soc. 2002, 
124, 13856; q) J. Quintin, X. Franck, R. Hocquemi11er, B. Figadère, Tetrahedron Lett. 
2002, 43, 3547; r) V. Bonnet, F. Mongin, F. Trécourt, G. Quéguiner, P. Knochel, 
Tetrahedron Lett. 2001 , 42, 5717. 
60 a) D. H. Lee, A. Taher, W.-S. Ahn, M.-J. Jin, Chem. Commun. 2010, 46, 478; b) S. 
Verbeeck, C. Meyers, P. Franck, A. Jutand, B. U. W. Maes, Chem. Eur. J 2010, 16, 
12831; c) G. Kerric, E. Le Grognee, F. Zammattio, M. Paris, J.-P. Quintard, J 
Organomet. Chem. 2010, 695, 103; d) A. M. Echavarren, J. K. Sti11e, J Am. Chem. 
621 
Soc. 1987, 109, 5478. 
6 1 
a) Q. Zhang, X.-Q. Zhang, Z.-X. Wang, Dalton Trans. 2012, 41, 10453; b) S. 
Bernhardt, G. Manolikakes, T. Kunz, P. Knochel, Angew. Chem. !nt. Ed. 2011 , 50, 
9205 ; c) R. Gerber, C. M. Frech, Chem. Eur. J 2011, 17, 11893; d) S. Çalimsiz, M . 
Sayah, D. Mallik, M. G. Organ, Angew. Chem. !nt. Ed. 2010, 49, 2014; e) J. L. 
Bolliger, C. M. Frech, Chem. Eur. J 2010, 16, 11072; f) R. B. Bedford, M. A. Hall , 
G. R. Hodges, M. Huwe, M. C. Wilkinson, Chem. Commun. 2009, 45, 6430; g) J .-M. 
Bégouin, C. Gosmini , J Org. Chem. 2009, 74, 3224; h) Z. Xi, Y. Zhou, W. Chen, J 
Org. Chem. 2008, 73, 8497; i) D . S. Chekmarev, A. E . Stepanov, A. N . Kasatkin, 
Tetrahedron Lett. 2005, 46, 1303; j) J. E. Milne, S. L. Buchwald, J Am. Chem. Soc. 
2004, 126, 13028. 
62 
a) O. M. Kuzmina, A . K. Steib, D. Flubacher, P. Knochel, Org. Lett. 2012, 14, 
4818-4821; b) T. J. Korn, G. Cahiez, P. Knochel , Synlett2003, 12, 1892. 
63 Knochel a également rapporté le couplage de réactifs arylzincs avec des 
thiométhylhétérocycles pour accéder à des aryles azines and diazines: a) A. Metzger, 
L. Melzig, C. Despotopoulou, P . Knochel, Org. Lett. 2009, 11 , 4228-4231 ; b) L. 
Melzig, A. Metzger, P. Knochel , Chem. Eur. J 2011, 17, 2948 . 
64 V. Bonnet, F. Mongin , F . Trécourt, G. Quéguiner, P. Knochel , Tetrahedron 2002, 
58, 4429. 
65 D . H . R. Barton, N. Ozbalik, M. Ramesh , Tetrahedron 1988,44, 5661. 
66 
a) M. L. N. Rao, D. Banerjee, R. J. Dhanorkar, Tetrahedron Lett. 2010, 51 , 6101; 
b) M. L. N. Rao, D. N . Jadhav, D. Banerjee, Tetrahedron 2008, 64, 5762; c) M. L. N. 
Rao, D. Banerjee, D. N. Jadhav, Tetrahedron Lett. 2007, 48, 2707; d) M. L. N. Rao, 
D. Banerjee, D. N . Jadhav, Tetrahedron Lett. 2007, 48, 6644; e) M. L. N. Rao, D. 
Banerjee, D. N.· Jadhav, Tetrahedron Lett. 2007, 48, 2707; t) M. L. N. Rao, S. 
Shimada, O. Yamazaki , M. Tanaka, J Organomet. Chem. 2002, 659, 117; g) M . L. 
N. Rao, O. Yamazaki , S. Shimada, T. Tanaka, Y. Suzuki , M . Tanaka, Org. Lett. 2001, 
3, 4103 . 
67 
a) O. Yamazaki , T. Tanaka, S. Shimada, Y. Suzuki , M. Tanaka, Synlett 2004, 15, 
1921 ; b) S. Shimada, O. Yamazaki , T. Tanaka, M. L. N. Rao, Y. Suzuki , M. Tanaka, 
Angew. Chem. !nt. Ed. 2003, 42, 1845. 
68 
a) K. R. Chaudhari , A. P. Wadawale, Y. K. Ja in , J Organomet. Chem. 2012, 698, 
15-21 ; b) W.-J. Zhou, K.-H. Wang, J.-X. Wang, D.-F. Huang, Eur. J Org. Chem. 
2010, 416. 
622 
69 J. Lindley, Tetrahedron. 1984, 40, 1433. 
70 . 0 
a) H. Wemgarten, J Org. Chem. 1964, 29, 3624; b) H. B. Goodbrand, N. X. Hu, J 
Org. Chem. 1999, 64, 670; c) D. W. Ma, Y. D. Zhang, J. C. Yao, S. H. Wu, F. G. 
Tao, J Am. Chem. Soc. 1998, 120, 12459; d) R. Oi, C. Shimakawa, S. Takenaka, 
Chem. Lett. 1988, 899; e) P. J. Fagan, E. Hauptman, R. Shapiro, A. Casalnuovo, J 
Am. Chem. Soc. 2000, 122, 5043. 
71 A. Klapars, J. C. Antilla, X. H. Huang, S. L. Buchwald, J Am. Chem. Soc. 2001, 
123, 7727. 
72 a) I. P. Beletskaya, A. V. Cheprakov, Coord. Chem. Rev. 2004, 248, 2337; b) S. V. 
Ley, A. W. Thomas, Angew. Chem. !nt. Ed. 2003, 42, 5400; c) K. Kunz, U. Scholz, 
D. Ganzer, Synlett. 2003, 2428; d) F. Monnier, M. Taillefer, Angew. Chem. !nt. Ed. 
2009, 48, 6954; e) D. W. Ma, Q. A. Cai , Ace. Chem. Res. 2008, 41, 1450; f) G. 
Evano, N. Blanchard, M. Toumi , Chem. Rev. 2008, 108, 3054; g) G. Evano, M. 
Toumi, A. Coste, Chem. Commun. 2009, 4166; h) Q. Cai , H. Zhang, B. L. Zou, X. 
Xie, W. Zhu, G. He, J. Wang, X. H. Pan, Y. Chen, Q. Yuan, F. Liu , B. A. Lu, D. W. 
Ma, Pure Appl. Chem. 2009,81,227. 
73 Pour des revues sur les pyrroles en chimie médicinale, voir: a) U. Bhatt, B. C. 
Duffy, P. R. Guzzo, L. Cheng, T. Elebring, Syn. Commun. 2007, 37, 2793 ; b) V. 
Estevez, M. Villacampa, J. C. Menendez, Chem. Soc. Rev. 2010, 39, 4402. 
74 Pour des revues sur les indoles et autres azoles en chimie médicinale, voir: a) V. 
Sharma, P. Kumar, D. Pathak, J Het. Chem. 2010, 491; b) F. Rodrigues de Sa Alves, 
E. J. Barreiro, C.A. M. Fraga, Mini-Reviews Med. Chem. 2009, 9, 782; c) S. Biswal, 
U. Sahoo, S. Seth y, H. K. M. Banerjee, Asian J Pharm. Clin. Res. 2012, 5, 1; d) N. 
K. Kaushik, N. Kaushik, P. Attri , N. Kumar, C. H. Kim, A. K. Verma, E. H. Choi , 
Molecules, 2013, 18, 6620; e) V. Kumar, K. Kaur, G. K. Gupta, A. K. Sharma, Eur. J 
Med. Chem., 2013, 69, 735 ; f) X.-M. Peng, C.-H. Zhou, Curr. Top. Med. Chem. 2013, 
13, 1963. 
75 C. Bissantz, B. Kuhn , M. Stahl , J Med. Chem. 2010, 53, 5061. 
76 G. M. Keserü , G. M. Makara, Nat. Drug Dise. 2009, 8, 203. 
77 Exemples d'applications des N-arylazo les en sciences des matériaux et polymères: 
a) C. A. Zuniga, J. Abdallah, W. Haske, Y. Zhang, l. Coropceanu, S. Barlow, B. 
Kippelen, S. R. Marder, Adv. Mat. 2013, 25, 1739; b) L. Xu, B. Zhang, Y. Chen, K.-
G. Neoh, E.-T. Kang, G. D. Fu, Macromol. Rapid Commun. 2013, 34, 234; c) X. Liu, 
W. Wen, G. C. Bazan, Adv. Mat. 2012, 24, 4505 ; d) A.-R. Hwang, W.-S. Han, K.-R. 
Wee, H. Y. Kim, D. W. Cho, B. K. Min, S. W. Nam, C. Pac, S. O. Kang, J Phys. 
623 
Chem. 2012, 116, 1973; e) J. You, G. Liu , Z. Wang, Polymer, 2012, 53, 5116; f) C.-
N. Chuang, H.-J. Chuang, Y.-X. Wang, S.-H. Chen, J.-J. Huang, M.-k. Leung, K.-H. 
Hsieh, Polymer, 2012, 53, 4983 ; g) S. O. leon, J. Y. Lee, J Mat. Chem. 2012, 22, 
10537; h) L.-J. Zeng, G. Liu, B. Zhang, J. Chen, Y. Chen, E.-T. Kang, Polymer J 
2012, 44, 257; i) J. F. Lee, S. L. C. Hsu, P. 1. Lee, H. Y. Chuang, M. L. Yang, J. S. 
Chen, W. Y. Chou, Solar Energy Mat. & Solar Cells, 2011, 95, 2795; j) J. Li, Q. Li, 
D. Liu, ACS Applied Mat. & Interfaces, 2011, 3, 2099; k) Y.-H. Chen, Y.-Y. Lin, Y.-
C. Chen, J. T. Lin, R.-H. Lee, W.-J. Kuo, R.-J. Jeng, Po/ymer, 2011 , 52, 976; 1) H.-Y. 
Chen, C.-T. Chen, C.-T. Chen, Macromol. 2010, 43, 3613; rn) K. Zhang, Y. Tao, C. 
Yang, H. Y ou, Y. Zou, J. Qin, D. Ma, Chem. Mat. 2008, 20, 7324; n) Z. Huang, J.-H. 
Ryu, E. Lee, M. Lee, Chem. Mat. 2007, 19, 6569; o) Q.-D. Liu, J. Lu, J. Ding, M. 
Day, Y. Tao, P. Barrios, J. Stupak, K. Chan, J. Li, Y. Chi, Adv. Func. Mat. 2007, 17, 
1028. 
78 Pour d'excellentes revues sur les réactions d'arylation catalysée au cuivre, voir: a) 
F. Monnier, M. Tailefer, Angew. Chem. lnt. Ed. 2009, 48, 6954; b) G. Evano, N. 
Blanhard, M. Toumi, Chem. Rev. 2008, 108, 3054; c) S. V. Ley, A. W. Thomas, 
Angew. Chem. , Int. Ed. Engl. 2003, 42, 5400; d) 1. P. Beletskaya, A. V. Cheprakov, 
Coord. Chem. Rev. 2004, 2337. 
79 a) D. S. Surry, S. L. Buchwald, Chem. Sei. 2010, 1, 13; b) J. C. Antilla, J. M. 
Baskin, T. E. Barder, S. L. Buchwald, J Org. Chem. 2004, 69, 5578; c) K. W. 
Anderson, R. E. Tundel , T. Ikawa, R. A. Altman, S. L. Buchwald, Angew. Chem. lnt. 
Ed. 2006, 45, 6523; d) A. Klapars, J. C. Antilla, X. Huang, S. L. Buchwald, J Am. 
Chem. Soc. 2001, 123, 7727; e) Y.-C. Teo, F.-F. Yong, C.-Y. Poh, Y.-K. Yan, G.-L. 
Chua, Chem. Commun. 2009, 6258. 
80 a) P. Y. S. Lam, C. G. Clark, S. Saubern, J. Adams, M. P. Winters, D. M. Chan, A. 
Combs, Tetrahedron Lett. 1998, 39, 2941; b) T.D. Quach, R. Batey, Org. Lett. 2003, 
5, 4397; c) B. Sreedhar, G. T. Venkanna, K. B. S. Kumar, V. Balasubrahmanyam, 
Synthesis, 2008, 795 ; d) J. X. Qiao, P. Y. S. Lam, Synthesis, 2011 , 829. 
81 a) P. L6pez-Alvarado, C. Avendafio, 1. C. Menéndez, Tetrahedron Lett. 1992, 33, 
659; b) P. L6pez-Alvarado, C. Avendafio, J. C. Menéndez, J Org. Chem. 1995, 60, 
5678. 
82 a) D. H. R. Barton, 1.-P. Finet, J. Khamsi , Tetrahedron Lett. , 1988, 29, 1115 ; b) 
D. H. R. Barton, 1.-C. Blazejewski, B. Charpiot, 1.-P. Finet, W. B. Motherwell , 
M. T. B. Papoula, S. P. Stanforth, J Chem. Soc. Perkin Trans 1, 1985, 2667. 
83 D. H. R. Barton, 1.-P. Finet, J. Khamsi , Tetrahedron Lett. , 1987, 28, 887. 
84 D. M. T. Chan, Tetrahedron Lett. , 1996, 37, 9013. 
624 
85 Pour des exemples de réactions de SNAr entre des 1,2-aminoalcools et des 
halogénures d'aryles, voir: a) A. F. Donnell, C. Michoud, K. C. Rupert, X. Han, 
D. Aguilar, K. B. Frank, A. J. Fretland, L. Gao, B. Goggin, J. H. Hogg, K. Hong, 
C. A. Janson, R. F. Kester, N. Kong, K. Le, S. Li, W. Liang, L. J. Lombardo, Y. 
Lou, C. M. Lukacs, S. Mischke, J. A. Moliterni, A. Polonskaia, A. D. Schutt, D. 
S. Solis, A. Specian, R. T. Taylor, M. Weisel, S. W. Remiszewski , J Med. 
Chem. , 2013, 56, 7772; b) S. Raza, S. P. Srivastava, D. S. Srivastava, A. K. 
Srivastava, W. Haq, S. B. Katti , Eur. J Med. Chem., 2013, 63 , 611; c) Y. Yin, L. 
Lin, C. Ruiz, S. Khan, M. D. Cameron, W. Grant, J. Pocas, N. Eid, H. Park, T. 
Schroter, P. V. LoGrasso, Y. Feng, J Med. Chem., 2013, 56, 3568; d) C. Ning, Y. 
Bi, Y. He, W. Huang, L. Liu, Y. Li, S. Zhang, X. Liu, N. Yu, Bioorg. Med. 
Chem. Lett., 2013, 23, 6432; e) C. G. Cummings, A. D . Hamilton, Tetrahedron , 
2013, 69, 1663; f) D. V. Jawale, U. R. Pratap, R. A. Mane, Bioorg. Med. Chem. 
Lett., 2012, 22, 924; g) M. E. Fitzgerald, C. A. Mulrooney, J. R. Duvall, J. Wei, 
B.-C. Suh, L. B. Akella, A. Vrcic, L. A. Marcaurelle, ACS Comb. Sei., 2012, 14, 
89; h) Y. T. Chen, T. Vojkovsky, X. Fang, J. R. Pocas, W. Grant, A. M. W. 
Handy, T. Schroter, P. LoGrasso, T. D. Bannister, Y. Feng, Med. Chem. 
Commun., 2011, 2, 73 ; i) S. L. Gaonkar, H. Shimizu, Tetrahedron , 2010, 66, 
3314; j) Y. Tin, M. D. Cameron, L. Lin, S. Khan, T. Schroter, W. Grant, J. Pocas, 
Y. T. Chen, S. Schurer, A. Pachori, P. Lo Grassa, Y. Feng, ACS Med. Chem. 
Lett. , 2010, 1, 175; k) D . M. Green, 1. Goljer, D. S. Andraka, M. Chengalvala, L. 
Shanno, W. Hurlburt, J. C. Pelletier, J Comb. Chem., 2009, 11 , 117. 
86 Pour des exemples de réactions de Mitsunobu sur des 1 ,2-aminoalcools, voir: 
a) B. H. Lipshutz, B. E. Huff, K. E. McCarthy, T. A. Miller, S. M. Jaweed 
Mukarram, T. J. Siahàan, W. D. Vaccaro, H. Webb, A. M. Falick, J Am. Chem. 
Soc., 1990, 112, 7032; b) J. Krapcho, C. Turk, D. W. Cushman, J. R. Powell , J. 
M. DeForrest, E. R. Spitzmiller, D. S. Karanewsky, M. Duggan, G. Rovnyak, J. 
Schwartz, S. Natarajan, J. D. Godfrey, D. E. Ryono, R. Neubeck, K. S. Atwal , E 
.W. Petrillo Jr. , J Med. Chem., 1988, 31 , 1148. 
87 Pour des exemples de réactions de SN2 de phénols sur des dérivés mésylates et 
tosylates de 1,2-aminoalcools, voir: a) P. P. Kattimani , R. R. Kamble, M. Y. 
Kariduraganavar, A. Dorababu, R. K. Hunnur, Eur. J Med. Che m. , 2013, 62, 
232; b) B. R. Dillon, D. F. Roberts, D. A. Entwistle, P. A. Glossop, C. J. Knight, 
D . A. Laity, K. James, C. F. Praquin, R. S. Strang, C. A. L. Watson, Org. Froc. 
Res. Dev., 2012, 16, 195; c) N. Stock, C. Baccei, G. Bain, A. Broadhead, C. 
Chapman, J. Darlington, C. King, C. Lee, Y. Li , D. S. Lorrain, P. Prodanovich, 
H. Rong, A. Santini, J. Zùnic, J. F. Evans, J. H. Hutchinson, P. Prasit, Bioorg. 
Med. Chem. Lett. , 2010,20, 213; d) L. A. Enache, 1. Kennedy, D. W. Sullins, W. 
Chen, D. Ristic, G. L. Stahl, S. Dzekhster, R. A. Erickson, C. Yan, F. W. 
Muellner, M. D. Krohn, J. Winger, V. Sandanayaka, J. Singh, D. E. Zembower, 
625 
A. S. Kiselyov, Org. Proc. Res. Dev., 2009, 13, 1177; e) G. Smith, M. Glaser, M. 
Perumal, Q. -D. Nguyen, B . Shan, E. Arstad, E. O. Aboagye, J Med. Chem., 
2008, 51, 8057; f) A.-S. Rebstock, C. Visintin, E. Leo, C. Garcia Posada, S. R. 
Kingsbury, G. H . Williams, K. Stoeber, D. L. Selwood, Chem. Bio. Chem. 2008, 
9, 1787. 
88 a) A. Shafir, P. A. Lichtor, S. L. Buchwald, J Am. Chem. Soc. 2007, 129, 
3490; b) G. E. Job, S. L. Buchwald, Org. Lett. 2002, 4, 3703. 
89 a) M. Toumi, V. Rincheval , A. Young, D. Gergeres, E. Turos, F. Couty, B. 
Mignotte, G. Evano, Eur. J Org. Chem. 2009, 3368; b) M. Toumi, F. Couty, G. 
Evano, J Org. Chem. 2008, 73, 1270; c) M. Toumi, F. Couty, G. Evano, Angew. 
Chem. !nt. Ed. 2007, 46, 572. 
90 Pour d'excellentes revues sur des réactions d'arylation catalysée au cuivre, voir: 
a) F. Monnier, M. Taillefer, Angew. Chem. !nt. Ed., 2009, 48, 6954; b) G. Evano, 
N. Blanchard, M. Toumi, Chem. Rev. , 2008, 108, 3054; c) S. V. Ley, A. W. 
Thomas, Angew. Chem. !nt. Ed. Engl., 2003, 42, 5400; d) I. P. Beletskaya, A. V. 
Cheprakov, Coord. Chem. Rev. , 2004, 2337. 
9 1 Pour d'autres exemples d'O-arylation catalysée au cuivre de 1,2-aminoalcoo ls 
avec des halogénures d'aryles, voir: a) S. Bhadra, W. I. Dzik, L. J. Goo~en, 
Angew. Chem. !nt. Ed. 2013, 52, 2959; b) J. E. Payne, C. Bonnefous, C. A. 
Hassig, K. T. Symons, X. Guo, P.-M. Nguyen, T. Annable, P. L. Wash, T. Z. 
Hoffman, T. S. Rao, A. K. Shiau, J. W. Malecha, S. A. Noble, J. H. Rager, N. D. 
Smith, Bioorg. Med. Chem. Lett. 2008, 18, 6093. 
92 Pour d'autres exemples d'O-ary lation catalysée au palladium de 1,2-
aminoalcools avec des halogénures d'aryles, voir: a) R. F. Sweis, J. A. Hunt, F. 
Kallashi , M. L. Hammond, Y. Chen, S. S. Eveland, Q. Guo, S. A. Hyland, D. P. 
Milot, A.-M. Cumiskey, M. Latham, R. Rosa, L. Peterson, C. P. Sparrow, S. D. 
Wright, M. S. Anderson, P.J. Sinclair, Bioorg. Med. Chem. Lett. 2011 ,21, 1890. 
93 K. Ikegai, K. Fukumoto, T . Mukaiyama, Chem. Lett. 2006, 35, 612. 
94 E. N . Pitsinos, V. P. Vidali, E . A. Couladouros, Eur. J Org. Chem. 2011 , 1207. 
95 F. Bedos-Belval , A. Rouch, C. Vanucci-Bacqué, M. Baltas, Med. Chem. 
Commun. 2012, 3, 1356. 
96 P. Cristau, J. -P. Vors, J. Zhu, Tetrahedron 2003, 59, 7859. 
---- ------------------------------------------. 
626 
97 a) R . E. Dolle, K. Worm, Role of Chemistry in Lead Discovery; Lead 
Generation Approaches in Drug Discovery, John Wiley & Sons Inc. , Hoboken, 
MJ, USA, 2010, ch. 9. b) B . A . Bunin, J. M. Dener, D . A. Livingston, Ann. 
Reports Med. Chem. 1999,34,267 . 
98 Pour une revue sur la réaction d'UIImann, voir: F. Monnier, M. Taillefer, Angew. 
Chem. !nt. Ed. 2009, 48, 6954. 
99 a) D. M. T. Chan, K. L. Monaco, R.-P. Wang, M. P. Winters, Tetrahedron Lett. 
1998, 39, 2933; b) D. A. Evans, J. L. Katz, T. R. West, Tetrahedron Lett. 1998, 39, 
2937; c) D. M. T. Chan, K. L. Monaco, R. Li, D. Bonne, C. G. Clark, P. Y. S. Lam, 
Tetrahedron Lett. 2003, 44, 3863; d) J. X. Qiao, P. Y. S. Lam, Synthesis 2011, 829. 
10° F. Theil, Angew. Chem. lnt. Ed. 1999, 38, 2345. 
101 a) D. Maiti , S. L. Buchwald, J Org. Chem. 2010, 75, 1791 ; b) D. Maiti , S. L. 
Buchwald, J Am. Chem. Soc. 2009, 131, 17423; c) J.-F . Marcoux, S. Doye, S. L. 
Buchwald, J Am . . Chem. Soc. 1997, 119, 10539. 
102 a) N . Jalalian, T. B. Petersen, B. Olofsson, Chem. Eur. J 2012, 18, 1 4140; b) N . 
Jalalian, E. E. Ishikawa, L. F. Silva Jr., B. Olofsson, Org. Lett. 2011, 13, 1552. 
103 Pour des revues sur la formation de liens C-0 catalysées au cuivre, voir: a) G. 
Evano, N. Blanchard, M. Toumi , Chem. Rev. 2008, 108, 3054; b) S. V. Ley, A. W. 
Thomas, Angew. Chem. !nt. Ed. 2003, 42, 5400. 
104 T. D. Quach, R. A. Batey, Org. Lett. 2003, 5, 1381 . 
105 H. C. Bell , J. T. Pinhey, S. Sternhell, Aust. J Chem. 1979, 32, 1551. 
106 A. Vakalopoulos, X. Kavazoudi , J. Schoof, Tetrahedron Lett. 2006, 47, 8607. 
107 a) D. H. R. Barton, J.-P. Finet, J. Khamsi, C. Pichon, Tetrahedron Lett. 1986, 27, 
3619, b) D. H. R. Barton, J.-C. Blazejewski, B. Charpiot, D. J. Lester, W. B. 
Motherwell, M. T. B. Papoula, J Chem. Soc., Chem. Commun. 1980, 827; c) D. H. R. 
Barton, J.-P. Finet, C. Giannotti , F. Halley, J Chem. Soc. Perkin Trans 11981, 241; 
d) D. H. R. Barton, J.-C. Blazejewski, B. Charpiot, W. B. Motherwell , J Chem. Soc. , 
Chem. Commun. 1981, 503 ; e) D. H. R. Barton, N. Yadav-Bhatnagar, J.-P. Finet, J. 
Khamsi, W. B. Motherwell , S. P. Stanforth Tetrahedron 1981, 43,323. 
108 a) D. H. R. Barton, J.-P. Finet, J. Khamsi , Tetrahedron Lett. 1987, 28, 887; b) R. J. 
Brown, G. Annis, A. Casalnuovo, D. Chan, R. Shapiro, W. J. Marshall , Tetrahedron, 
2004, 60, 4361 ; c) D. T. Connor, W. H. Roark, K. E. Sexton, R. J. Sorenson, US 
627 
Patent, 2001 , 6, 268-387; d) W. A. Denny, R. H. Hutchings, D. S. Johnson, J. S. 
Kaltenbronn , H. H. Lee, D. M. Leonard, J. B. J. Milbank, J. T. Repine, G. W. 
Rewcastle, A. D. White, US Patent, 2004/0044057Al. 
109 S. Harada, D. Hayashi , I. Sato, M. Hirama, Synlett 2012, 23, 405. 
